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Three mechanisms were found suitable to describe the hydrogenation of benzene on a nickel- 
silica catalyst: (i) a mechanism with a rate determining step, the following hydrogen addition 
steps being faster; (ii) a mechanism based on the assumption that all hydrogen addition steps 
have the same rate constant; and (iii) a mechanism wit,h a set of slow steps after an adjustable 
number of fast addition steps. With a least squares nonlinear computer fit program values of 
parameters for the rate equations were calculated. These values are discussed. The second 
mechanism appeared to be the most suitable to describe the hydrogenation of benzene. 

INTRODUCTION 

In preceding papers we described kinetic 
data (I), gravimetric experiments (2) and 
magnet’ic measurements (3) of the hydro- 
genation of benzene on a nickel-silica 
catalyst. In this paper we give a mechanist>ic 
description of this reaction. 

In the literature many mechanisms wi-ith 
widely diverging basic assumptions have 
been proposed for the benzene hydrogena- 
tion on nickel cat’alysts. Several authors 
(4-9) conclude that addition of a hydrogen 
molecule (instead of an atom) takes place 
in the rate determining step, viz, the addi- 
tion of the first hydrogen molecule accord- 
ing to (5, 6, S), the second molecule ac- 
cording to (7) and the third molecule ac- 
cording to (4) and (9). Addition of adsorbed 
hydrogen atoms is assumed by Hartog et 

al. (10, 11), Rooney (12) and Snagovskii et 

al. (13). Snagovskii and co-workers tried 
two mechanisms, one with an adjustable 
rate determining step, the other with a set 
of slow steps. This last mechanism gave the 
best fit with his experiments. Compet,it,ion 

on the surface of the catalyst between 
benzene and hydrogen is assumed by some 
authors (4, 7) and denied by others 
(5, 8, 10, 11, 13). Canjar et al. (14) used a 
mechanism in which benzene reacted from 
the gas phase. According to Jiracek et al. 
(5), hydrogen reacts from the gas phase. 
A maximum in the reaction rate at about 
1SO”C is found by Herbo (8), Germain et 
al. (7) and Kicolai et al. (15). Nicolai et al. 
ascribed the maximum to poisoning of their 
catalyst, Germain et al. and Herbo to a 
decrease in reactant adsorption, but no 
mechanistic description was given. 

The aim of this paper is to show that wit,h 
different mechanisms a fairly good fit with 
ext’ensive experimental data can be ob- 
tained and that a maximum in the reaction 
rate as a function of the temperature follows 
from the proposed mechanisms. 

NOMENCLATURE 

A k, (bH2pH2) t/k-, dimensionless 
bn Adsorption equilibrium constant 

for benzene, atm-1 
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Adsorption equilibrium constant 
for hydrogen, atm-’ 
Sum of squared differences in com- 
puter curve fitting 
Adsorbed hydrogen atom 
Surface coverage of adsorbed hy- 
drogen, dimensionless 
Enbhalpy of adsorption for benzene, 
cal mol-’ 
Enthalpy difference for equilibrium 
E (mech. I and III), cal mol-l 
Enthalpy of adsorption for hydro- 
gen, cal mol-’ 
Activation enthalpy for the for- 
ward reaction, cal mol-’ 
Activation enthalpy for t.he back- 
ward reaction, cal mol-l 
Constant for equilibrium E (mech. 
I and III), dimensionless 
= KEbB (b& n/Z 
Reaction rate constant of the for- 
ward reaction, molecules se+ rnh2 
Reaction rate constant of the back- 
ward reaction, molecules set-’ me2 
= 0.208 X 10” T, se+ 
Number of hydrogen atoms added 
Number of benzene adsorption sites 
m-2 Ni 
Partial pressure of benzene, atm 
Partial pressure of hydrogen, atm 
Reaction rate, molecules set-’ m-2 
Gas constant, 1.987 cal mol-’ ‘K-l 
Entropy of adsorption for benzene, 
cal mol-l ‘K-l = e u . . 
Entropy difference for equilibrium 
E (mech. I and III), e.u. 
Entropy of adsorption for hydro- 
gen, e.u. 
Activation entropy for the forward 
reaction, e.u. 
Activation entropy for the back- 
ward reaction, e.u. 
Absolute temperature, “K 
Adsorption site for benzene and 
hydrogenated species 
Free surface fraction of sites Xl, 
dimensionless 
Adsorbed CsH6+, 

X 2+,$ Surface coverage of &He+,, dimen- 
sionless 

Y Adsorption site for hydrogen 
Y Free surface fraction of sites Y, 

dimensionless 
CY Term allowing a shift in enthalpy 

of adsorption with temperature, 
AH’= AH+aT 

P Term allowing a shift in enthalpy 
of adsorption with squared tem- 
perature, AH” = AH + aT + /3T2 

e Surface coverage, dimensionless 
u Standard deviation 

DERIVATION OF RATE EQUATIONS 

Most mechanisms proposed in the liter- 
ature fail to produce an order with respect 
to the hydrogen pressure of 3 at high 
temperature decreasing to 0.5 at room 
temperature, nor can they account for the 
order with respect to the benzene pressure 
ranging from 0 to 1.0 (2). 

For the derivation of rate equations the 
following considerations were taken into 
account. Since benzene and hydrogen can be 
considered as noncompetitive (2, S), we 
assign to hydrogen sites Y and to benzene, 
together with hydrogenated species, sit’es X 
(see Nomenclature). As the adsorption of 
cyclohexane in the presence of hydrogen is 
very small (Z), we assume the concentra- 
tion of adsorbed cyclohexane to be negli- 
gible. The dissociative character of ad- 
sorbed hydrogen was amply demonstrated 
by, e.g., Selwood (16) and Martin et al. 
(17). Our magnetic experiments (3) showed 
that a weakly bound form of dissociatively 
adsorbed hydrogen is active in t’he reaction. 
Benzene active in the reaction is assumed 
to adsorb associatively. Adsorbed hydrogen 
(10, 18) and adsorbed benzene (19) are 
assumed to be in equilibrium with the gas 
phase. 

We further started with the assumption 
that values for differences in entropy (AS) 
and enthalpy (AH) are constant over the 
entire range of conditions, although the 
heterogeneity of the surface may cause the 
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surface coverage and temperature to have 
an influence on these parameters. The 
apparent paradox that a surface which un- 
doubtedly has intrinsic and induced hetero- 
geneit,y, behaves (pseudo)-homogeneously 
in kinetic st,udies, is discussed in some 
papers (21-s/,). In de Bruin’s paper (21) a 
narrow band in the energy distribut,ion ap- 
peared to play the active role in the rc- 
act,ion. We t,hen have t,o consider for the 
surface reaction one kind of pseudo- 
homogeneously adsorbed species only and a 
Langmuir adsorption equation may be 
applied. In a narrow range of the tempera- 
ture the active part of the surface may 
remain the same, but with a large dif- 
ference in temperature as in our cast 
(20-23O”C), it might be possible that the 
act#ive band shifts. A Langmuir description 
of the adsorpt,ion may st,ill be applied, but 
with different values of the enthalpy and 
entropy of adsorption at diffcrcnt tem- 
peratures. ,4s shown b&w, we had t,o as- 
sumc such a shift in cnthalpy of adsorption 
for benzene and also for hydrogen it 
might be considered. 

On the basis of these considerat,ions the 
hydrogenation of benzene may be con- 
sidered as a sequence of hydrogen atom 
addition steps. 

Hz(gas) + 2Y = 2H, 

C6H6(gas) + X1 = Xs, 0) 

H+XZtiX3+Y, (2) 

H+X 3ex4+‘lr, (3) 

H+X 4=x5+y, (4) 

H+X 5=xs+y, (5) 

H+X 6=X7+Y, (6) 

H+X 7tiX*fY, (7) 

& --+ XI + GHl2(gas). (8) 

Three possibilities may be distinguished : 
(I) hydrogen addition steps are equilibria 
up to a rate determining step, and further 
addition st,eps are faster. (II) All addition 

steps have t’he same rate constant. (III) 
As (I), except that the additions after the 
first slow step have the same rate constant 
as this step. 

Jfechanism I 

If we assume, according to Snagovskii 
et al. (Is), that the addit’ion of the (n+l)th 
hydrogen at,om is rate determining and that 
the foregoing hydrogen addition steps are 
in equilibrium, we may write the mecha- 
nism as : 

Hz(gas) + 2Y ‘2 2H 

C6H6(gas) + X1 g XZ 

?&H + Xn 2 X2+n 
+ IZY equilibrium E 

H + &+n 2 &+n 
+ Y rate dct#ermining 

(5 - n)H + X3+n ‘5 CeHlz(gas) 

+ (5 - n)Y 

The surface coverages are 

x2 = b,.ps.X,, 

X 2+n = K,.Hn.Xz/Yn 
= exp (A&/R - AHx/RTJ 

. (bH2pH*)n’Z.X2 

= KE’.pH*n’Q.pI)B.X1, 

where ASE and AHE are the entropy and 
enthalpy differences for equilibrium E. 
The X surface is assumed t.o be partly 
occupied by benzene and X2+n, so that the 
following holds : 

Xl + x2 + X2+n = 1 

where italic symbols represent &values. 
With these assumptions the following rat,e 
equation is derived. 

r = k+.H.X2+,, = I?+. 
@H~PH~+ 

1 + @Hz?%~ 

KE'PH,'+B 

KE’~H~~‘~~B + bRpn + 1 * 
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Mechanism II 

VAN MEERTEN 

Assuming that the rate constants of all 
hydrogen addition steps to the partially 
hydrogenated benzene molecule are equal 
(k+z = k+3 = k+a = k+5 = k+6 = k+T =k+ 

AND COENEN 

and k-2 = IL = 1~~ = k-5 = kL6 = kL7 = k-) we 
can treat the surface coverage of all 
intermediates X3 to X7 by the steady state 
approximation. We saw already that X8 is 
negligible. 

A A2 A3 
x, = -Xa = X6 = x4 

A+1 A2+A+l A3+A2+A+l 

A4 A5 

=A4+A3+A2+A+1 
x3 = 

A5 + A4 + A3 + A2 + A + 1 
x2, 

in which:A = (k+/k-)(bHepHz)J and X2 = b~p~(l -x2 - x3-x4-x5-x6- - X,). 

By substitution we get 

x2 = 
bBpB(A5 + A4 + A3 + A2 + A + 1) 

bBpB(6A5 + 5A4 + 4A3 + 3A2 + 2A + 1) + (A5 + A4 + A3 + A2 + A + 1) ’ 

r = k+HX, = k+ 
@H*PHJi 

1 + (&@H# 

X 
,3BpB(6~5 + 5A4 + 4A3 + 3A2 + 2A + 1) + (A5 + A4 + A3 + A2 + A + I) ’ 

In a different way Snagovskii et al. (13) 
arrived at about the same expression. With 
the steady state treatment also expressions 
for the (de)hydrogenation of cyclohexene 
may be derived. Assuming X2 and X8 both 
zero, the degree of coverage X3 and X7 
can be expressed in X6 (adsorbed cyclo- 
hexene). The reaction rate of the hydro- 
genation of cyclohexene to cyclohexane and 
the dehydrogenation to benzene are, re- 
spectively : 

A 
~cHE~cHA=~+HX,=~+H--X~, 

A+1 

1 
rCHE+B=k-Xa=k- X6. 

A3+A2+A+1 

The quotient of these reaction rates, which 
we measured, is 

TCHE-CHA A2(A3 + A2 + A + 1) 
= 

’ rCHE+B (A + 1) 

At low temperature, when the dehydro- 
genation does not take place, the reaction 
rate of cyclohexene hydrogenation may be 
written : 

rCHE+CHA 

~CHEPCHEA 
= k+H 

~CHE&HE@A + 1) + (A +- 

Mechanism III 

If the hydrogen addition steps to the 
adsorbed benzene molecule are equilibria 
up to X2+% and further addition steps have 
the same rate constant, we may consider 
mechanism III a combination of mecha- 
nisms I and II. In the derivation of a rate 
equation X7 is expressed in XZ+~, similar 
to the expression of XT in X2 for mechanism 
II. X2+n is derived following mechanism I, 
with the difference that now also X3+,,, 
X4+% and other intermediates must be 
taken into account. In this way we may 
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dcrivc for different values of II: 

n = 0 the sanlc cxprcssion as for mechanism 11 

n= 1 r = /11+H,4~Kz’pii,$~/ 
[R~‘~~,~~,~(5~44+4A3+3A2+2A+1)+(b~~B+1)(~4+~3+~2+~+1)], 

n=2 r=~+H83K~‘~n2~s/[K~‘~r12p,(4d3$3A2+2A+1)+(~~~r)~+l)(~43+~2+~+I)1, 

n=3 ~=I~+HA*KE’P~,IP~I[KE’PH~)PB(~A’+~A+~)+ (bBp”+I)(-4’+~4+I)], 

n = 4 r = ~+HAK~‘pn24’*p11/[K~‘1)~24’*p~ (2A + I> + (hSpB+ 1) (A + l)], 

n.=5 the same expression as for mechanism I with n=5. 

RATE CONSTANTS (k), EQUILIBRIGM 
CONSTANTS (K), ADSORPTION 
EQUILIBRIUM CONSTANTS (b) 

All constant,s can be split into a t’em- 
perature dependent and independent part. 
The surface reaction rat,e constant,s can be 
written according to transition state t,heory : 

k, = ny 7 exp(AS+l/R - AH+f/RT), 

k- = n, F exp(AS-r/R - AH-t/RT), 

in which n, is the number of benzene ad- 
sorption sites per square meter. From (3) 
we know that at room temperature about 
one-fifth of the nickel metal surface is 
covered by chemisorbed benzene and from 
(.2), that at 20°C two-thirds of the ad- 
sorbed benzene can be eliminated by 
hydrogenation. With a surface area of 
41 AZ (2)/benzene molecule the effective n, 
will be about 3 X 1017 sites m--2. k+ is 
expressed as the number of benzene 
molecules converted per second per square 
meter of nickel surface. To express the 
reaction rate in micromoles of H, per 
minute per square meter as in (I), a 
multiplication factor 3 X lo-l6 is involved. 

The activation entropy for the surface 
reaction refers to a standard state in which 
there is an equipartition of free surface and 
adsorbed species for localized species (Lang- 

muir approach to adsorpt’ion), 

4 
--Cl, 

(1 - ei - Oj - ek = . . .) 

and in which for mobile species (Volmer 
approach to adsorption), 

ej 

(1 - 0i - ej - ek -. . .) 
= 0.567, 

holds, because then 

In 
1 - ei _ ej - ek _ . . . 

6 
4 

1 - ei - ej - ek - . . . ’ 

and the e dependence of the molar dif- 
ferential entropy of a Volmer gas dis- 
appears (d0). 

The adsorption equilibrium constants for 
hydrogen and benzene may be expressed as 

bnp = exp(ASn,O/R - AHHJRT) atm-‘, 

bB = exp(AilSBO/R - AHB/RT) atm-I. 

The entropies of adsorption (cal g mol-1 
“K-l) refer to the standard state p = 1 
atm, and the standard states of the ad- 
sorbed species are defined as described 
above. 

COMPUTER CURVE FITTING 

Since the number of experimental data is 
large, viz, 260 independent measuring 
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TABLE 1 

Parameters for Ditferent Mechanisms of the Benzene Hydrogenation 
on Nickel-Silica Catalyst NZ 104 

Mechanism F .Y AS+@ AH+t AS-: AH-% ASE AHe ASHI0 AHnp ASBQ AHB 

I n = 4 1.22 6.9 -9.20 12,340 - 1.09 -27,844 -31.30 - 1000 - 10.84 -9367 
?I=5 1.74 8.2 - 14.33 12,150 - 7.00 - 28,208 -23.74 -1532 - 17.04 -11,4io 

II 0.90 5.9 -6.00 13,766 -0.08 21,149 - 24.52 - 2070 5.35 - 1398 

III 7I = 1 0.82 5.6 - 10.02 13,497 3.77 22,928 1.43 -11831 - 15.24 -1118 8.04 - 293 
n=2 1.02 6.3 - 10.97 13,118 -5.68 19,206 -37.23 - 23,286 - 16.00 -711 44.70 16,571 
n=3 0.87 5.8 -15.70 12,601 14.30 28,471 - 7.54 - 10,473 -9.91 -415 19.08 5161 
n=4 1.22 6.9 - 14.34 12,814 -3.17 20,373 - 28.77 -26,243 - 14.99 -1037 - 10.00 -8277 

a AS (cal mol-* ‘K-1): AH (cd mol-1). F is the mm of squared differences; r is the standard deviation (‘%). 
b The number of active sites n, wa8 3 X 10’7 sites m-2 (see text). 

points, describing 19 curves, fitting these 
data to a reaction rate equation with 8 or 
10 parameters appears justified. We sub- 
stituted the temperature dependence for 
the constants k, K, and b in the rate ex- 
pressions and calculated the parameters for 
each mechanism by a nonlinear least- 
squares fit program. The routine finds the 

10 togr 227 , 181 1LL iii at 60 39 21 *  
I I I I 1 I I 

I 

FIG. 1. Arrhenius plots showing the effect of tem- 
perature and hydrogen partial pressure on the rate 
of benzene hydrogenation. ( 0) Experimental data; 
(-) vaIues for the reaction rate caIcuIated on the 
basis of mechanism II. Curves 1, 2, 3 : the hydrogen 
pressures were 75,200 and 600 Torr, respectively; 
benzene partial pressure, 70 Torr; catalyst NZ 10. 

minimum of the sum of squared differences 
between experimental and calculated loga- 
rithms of reaction rates, denoted by F. A 
step of minimization consists of a Neuton 
step followed by a minimization along the 
line defined by the Newton step. The results 
are given in Table 1. For different condi- 
tions the relative experimental error proved 
constant, so that using logarithms in curve 
fitting, all data receive equal weight. 
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FIG. 2. Rate of benzene hydrogenation as a func- 
tion of benzene partial pressure (Torr). ( 0) Ex- 
perimental data; (-) values for the reaction rate 
calculated on the basis of mechanism II. Hydrogen 
pressure, 600 Torr; catalyst NZ 10. 
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The final solutBion arrived at was not DISCUSSION 

always unique : different starting values From t.hc u-values in Table 1 it is evi- 
resulted somebimes in different final values dent that almost all proposed mechanisms 
for the parameters. The apparently most are equally suitable to describe the hydro- 
reasonable values were then chosen on the genation of benzene on nickel. In Fig. 1 
basis of criteria mentioned in bhe discussion. only the calculated values for the reaction 

With the sets of parameters given in rate from mechanism II are shown, but 
Table 1 it was possible to describe the the other mechanisms yield about the same 
hydrogenation of benzene on a nickel- picture. Sot,cworthy is t,hat a maximum in 
silica catalyst satisfactorily. In Figs. 1 and the reaction rate as a function of tempera- 
2 the calculated react’ion rates from ture, dependent on t#he hydrogen pressure, 
mechanism II are shown, next t,o the is obt,ained wit#h all mechanisms. 
experimental dat’a. In mechanism I the maximum results 

From the parameter values obtained by from the product of an increasing reaction 
fitt.ing, the surface coverage of t.he different rate constant k+ and an above 180°C 
surface species Xi may be computed. The (pi* = 600 Torr) rapidly decreasing sur- 
results are given in Table 2. face coverage of X2+, (Table ‘2). 

TABLE 2 

Coverages of t,he Active Part of the Surface Accessible to Benzene, for a Number of Mechanisms, 
at Different Temperatures and Hydrogen Pressuresa 

hlechanism Surface 
species* 

27°C 135V 184°C 227°C 227°C 

PII, PHz PH2 P% P% 
600 Torr 73 Torr 600 Torr 600 Torr 75 Torr 

0 0.011 0.033 0.137 0.166 
0 0.463 0.404 0.779 0. X33 
1.000 0.562 0.56:3 0.064 0.001 

0 0.016 0.038 0.318 0.357 
0 0.411 0.207 0.tT30 0.642 
1.000 0.573 0.73.i 0.102 0.001 

0.016 0.036 
0.164 0.275 
0.164 0.229 
0.164 0.184 
0.164 0.138 
0.164 0.092 
0.164 0.046 

0.0013 0.183 
0.0003 0.429 
0 0 
0.333 0.349 
03x3 0.197 
o.:w 0.102 

0.044 0.094 
0.273 0.512 
0.228 0.228 
0.182 0.101 
0.137 0.043 
0.091 0.017 
0.04.5 0.00.5 

0.04.5 0.069 
0.207 O..i2 I 
0 0 
0.::74 0.:<20 
0.249 O.O(i!l 
0.12.5 0.0 I2 

0.1&i 

0.728 
0.116 
0.018 
0.003 
0.0005 
0.00006 

0.114 
0.860 
0 
0.024 
0.002 
0.00014 

” Catalyst, nickel-silica NZ IO; pa = 70 Torr. 
*XI = free surface fraction, Xp = (CJI,J;,,I, S:I = ((:tiIT,)z,,,, 

Surface coverage 
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In mechanism II the quantity A appears 
to determine the maximum in the same 
way. At low temperature A is much larger 
than 1 and the surface coverage X7 equals 
l/6. With increasing temperature A de- 
creases and becomes equal to 1 at the 
temperature where the reaction rate reaches 
the maximum value. This means t,hat in 
the maximum the rate of the back reaction 
of surface intermediate X2+n equals that 
of the forward reaction of X2+n with 
hydrogen 

k+HXz+, = k-Xz+,. 

Beyond the maximum A is smaller than 1 
and again the surface coverage of X7 
decreases rapidly. In mechanism III the 
maximum in the reaction rate appears as a 
result of the rapid decrease of X2+* and 
of x,. 

Compared to the change in X7 the de- 
crease in the surface coverage of hydrogen 
has no influence on the appearance of a 
maximum. 

Table 2 shows that the surface coverage 
of benzene itself is larger at higher tem- 
perature and lower hydrogen pressure. 
Zlotina and Kiperman (9) also concluded 
that at 220°C benzene is much more stable 
on the surface than the other compounds 
and occupies the major part of the working 
surface. 

The order of reaction with respect to 
hydrogen pressure reaches extreme values 
of 0.5 and 3.0 in all mechanisms except in 
mechanism I with n = 4, where an order 
2.5 is the highest possible value. We there- 
fore ruled out this mechanism. The order 
with respect to benzene pressure can range 
from 0 to 1 in all mechanisms. 

Which mechanism is the best one? Solely 
on the basis of (T, mechanism III with n = 1 
should be the best one. However, entropy 
and enthalpy differences arc! not just 
empirical parameters, their values should 
be physically acceptable. We will first 
consider the entropies and enthalpies of 
adsorption. 

Entropies and Enthalpies of Adsorption 

In all mechanisms a very small value is 
found for the adsorption enthalpy of 
hydrogen. From the values of the adsorp- 
tion entropy shown and the standard 
entropy of gaseous hydrogen, 31 e.u., we 
may deduce that t,he hydrogen at’om on the 
surface has still 3 to 8 e.u./g atom in the 
standard state. With statistical thermo- 
dynamics we calculated (20) t’hat hydrogen 
adsorbed with two dimensional freedom, 
has about 5.5 e.u./g atom at 25°C and 
standard degree of coverage, so that ASn,O 
would be -20 e.u. mol-1. The surface 
coverage for hydrogen calculated from the 
fit values of enthalpy and entropy of 
adsorption is very small, viz, about 0.01. 
It must be emphasized that this coverage 
refers to hydrogen active in the reaction, 
for which we found already in Ref. (3) that 
it was a small weakly bound part of the 
total quantity of adsorbed hydrogen. 

Not all of the values found for t,he 
enthalpy and entropy of adsorption of 
benzene for the different mechanisms are 
physically acceptable. Since we considered 
the benzene molecule to be adsorbed 
associatively, a positive entropy and en- 
thalpy of adsorption are impossible. One 
might, however, assume that the heat of 
adsorption range of the benzene converted 
in the reaction, shifts to higher values at 
higher temperatures. Accepting this, we 
can alter the values for the adsorption 
enthalpy and entropy in such a way that 
their changes with temperature compensate 
each other. If we add to the enthalpy of 
adsorption AHn a term CYT : 

AHB’ = AHn f aT, 

and add to the entropy this same cr: 

ASn’ = ASea + OZ, 

then the adsorption equilibrium constant 
remains unaltered : 

bn=exp(ASna/R- AHs/RT) 
= exp{ (ASBO+CY)/~-- (AHn+orT)lRT) 

=exp(AS$/R- AHB’IRT). 
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TABLE 3 

Possible Changes in Adsorption Entropy and Enthalpy for Benzene on NickeJa without 
Changing the Adsorpt,ion Equilibrium Constant 

21 

Mechanism ASBOb AHB& a ASB’C 

In=5 - 17.0 -11,470 -10 -27.0 
-20 -37.0 
-30 -47.0 

II 5.35 -1398 -30 -24.65 
-40 -34.65 
-55 -49.65 

III n = 2 44.7 16,571 -80 -35.3 
-90 -45.3 

0 Nickel-silica catalyst NZ 10. 
b Parameters from Table 1. 
c ASB’ = A&O + a, AHg’ = AHs + 017’, AS in e.u., AH in cal m&l. 

AH=‘, 

300°K 500°K 

- 14,470 - 16,470 
-17,470 -21,470 
- 20,470 -26,470 

- 10,398 - 16,398 
- 13,398 -21,398 
- 17,898 -28,898 

- 7,429 -23,429 
- 10,429 - 28,429 

In Table 3 t#he values of ASB’ and AHg’ 
are shown for different chosen values of (Y. 

In adsorption measurements of benzene 
on nickel at O”C, Yu et al. (25) found a 
heat of adsorption of 25 kcal mol-’ at 
monolayer coverage. With st,atistical 
thermodynamics we estimated the ent(ropy 
of benzene adsorbed on the surface at 
standard coverage and 2j°C (20). For t,he 
case of mobile adsorption a value of about 
31 e.u. has been found; for the case of 
localized adsorption about 18 e.u., yielding 
values for the adsorption entropy of ben- 
zene of -33 and -47 e.u., respectively. hs 
shown in Table 3 the latter value is ac- 
companied by rather high values of the 
adsorption enthalpy, so that mobile ad- 
sorption of the reactive benzene appears 
more probable. 

Introduction in the entropy of adsorp- 
tion of a term proport,ional to t,he ent’halpy 
of adsorption, following Halsey (21’), and a 
similar term as discussed above in the 
enthalpy, would result in an extra term 
proport~ional t,o T2 in the real ont8halpy of 
adsorption, bwause of the rcquircmcnt 
t,hat the equilibrium constants remain un- 

changed 

AHB” = AHn + aT + @T2 
and 

ASn” = ASu” + (Y + PT. 

It is, however, impracticable to introduce 
this concept in the computations. 

Since also the surface on which hydrogen 
adsorpt’ion occurs will be heterogeneous, it 
would be logical t,o int#roduce a similar 
temperature dependence for the adsorp- 
tion ent,halpy of hydrogen. However, the 
result’ing ASH,’ should not be lower then 
-20 e.u. mol-l, so that only few mecha- 
nisms allow a significant value of CL In the 
extreme case of AXH,O = -9.9 e.u. (mecha- 
nism III, n = 3) ASH,’ = - 20 e.u. yields 

AHn2’(~000K) = - 415 - 10 X 500 

= - 5.4 kcal mol-l, 

AHH~‘(~OO’K) = - 415 - 10 X 300 

= - 3.4 kcal mol-l, 

which is still weakly adsorbed hydrogen. 

Activation lhtropies of Reaction., AS+f and 
AS-1 

We must’ now consider wht~thcr the values 
of AS+* and AS-* arc physically acceptable, 
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The result of the computer fit is such that 
values for AS+f - ASWr result. Separate 
values are then derived by introducing the 
value for n, in the equation for k, 

k+ = n, F exp(AS,t/R - AH+t/Rl’). 

The value of 3 X lOi sites m-2 derived 
earlier represents the total reactive benzene 
capacity. We should now recall that only 
part of this capacity is actually reacting at 
any one temperature, so that the actual n, 
may be much smaller. If the value of AS+: 
derived with n, = 3 X 1017 is too small, 
adjustment can be made by reducing n,, 
resulting in a more positive value of A&'. 
For mechanisms II and III AS-t must be 
shifted by the same amount as AJS+~, so 
that the values for AS-1 in Table 1 are 
minimum values. 

If we accept, for instance, the scheme 
which Rooney (12) proposed for the 
hydrogenation of benzene, the entropy of 
the surface complex XP+n will equal ap- 
proximately the entropy of the surface 
complex with one more hydrogen atom, 
X 3+n. The entropy difference AS+f-AS-r 
of the reaction, 

H+X 2+n F? X3+nf FI X3+n, 

should then be mainly the loss of entropy 
of an adsorbed hydrogen atom, 3 to 8 e.u./ 
g atom. The differences derived for mecha- 
nisms II and III satisfy this condition, with 
the exception of n = 1 and n = 3, so that 
we discard these mechanisms. 

We now consider the separate values of 
AS+~ and AS-t. If A&r is more negative 
than -8 e.u. the X2+n complex loses en- 
tropy in going t,o the activated complex. 
This, in itself, does not appear impossible, 
since a bridge with an absorbed hydrogen 
atom must be formed, which reduces 
mobility. This difference in mobility is 
reflected in AS?, so that positive values for 
this quantity appear unlikely. This is an 
added reason to discard mechanisms III 
n = 1 and n = 3. 

Activation Enthalpies of Reaction, AH+t and 
AH-X 

About the values of the activation 
enthalpies of the forward and backward re- 
action we can only note that their values 
are about the same in the different mecha- 
nisms, so that on this basis no choice can be 
made between mechanisms. 

Entropy and Enthalpy Difference of Equi- 
librium E, ASE and AHE 

If the entropy of the adsorbed species 
X2+% is about the same as of X3+n, as we 
assumed in the foregoing, the entropy dif- 
ference of the addition of n hydrogen atoms 
in equilibrium E in mechanisms I and III 
will also be determined by the loss of 
entropy of adsorbed hydrogen. In mecha- 
nism III n = 2 the loss of the entropy of two 
adsorbed hydrogen atoms (- 15 e.u.) in 
equilibrium E cannot cause the value of 
-37 e.u. for ASE. It would imply that the 
adsorbed benzene molecule loses about 22 
e.u. in going to X4, so that the adsorbed X4 
species has retained 31-22 = 9 e.u. (as- 
sumption SX, = 31 e.u.). This value is too 
small even for localized adsorbed X species. 
Mechanism III n = 2 is therefore 
abandoned. 

The enthalpy difference for equilibrium 
E should more or less reflect the number of 
hydrogen atom additions, but this trend 
appears only weakly from the values of 
AHE in Table 1. The mechanisms retained 
so far have about t,he same value, so that 
this is not a select.ion criterion. 

Concluding we may say that three 
mechanisms remain uith interpretable 
values of the parameters: mechanism I 
n = 5, mechanism II, and mechanism III 
n = 4. On account of the smallest value 
of F we prefer mechanism II. 

Hydrogenation and Disproportionation of 
Cyclohesene 

Additional information may be obtained 
from experimcnt,s of cyclohexenc dispro- 
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portionation into benzene and cyclohexane. 
In Table 4 values are given for the ratio 
of t.he rate of hydrogenation to cyclohexane 
and the rate of dehydrogenation to ben- 
zene, for two different quantities of catalyst 
and as calculated from the paramctcrs 
found for mechanism II. 

According to the thermodynamics of the 
reaction of cyclohexene with hydrogen, only 
cyclohcxane should be formed. If, however, 
by using a small quantity of catalyst, t,he 
contact time is kept small, the react,ion is 
partly determined kinetically and benzene 
can desorb from the surface, as was found 
experimentally. Wit’h 1 mg cat#alyst, the 
experimental values for the quotient of 
reaction rates approach already the cal- 
culat.ed values, and at still smaller contact 
times they may well become identical. 

Thcsc experiments support mechanism 
II, because in mechanisms I n = 5 and III 
71 = 4 the adsorbed species Xs is in equilib- 
rium with benzene in the gas phase. In a 
flow system, the benzene gas is removed 
and within the assumptions of mechanisms 
I and III, an equilibrium conversion to 
benzene must be established. At all tem- 
peratures this process is assumed to be 
rapid, and, accordingly, more benzene 
than cyclohexane should be formed, also 
at temperatures below 1SO”C. This n-as 
not found experimentally, so that also 
these experimcnt8s point. to mechanism II 
as the best description. 

An unsolved problem is that at low 
temperature the rat.e of cyclohexene hydro- 
genation on a nickel catalyst exceeds the 
rate of benzene hydrogenation by a factor 
1000 [derived from Ref. (S6)]. From 
mechanism II and the expression for the 
rate of cyclohcxene hydrogenat,ion, also 
derived assuming a set of slow steps, a 
difference in rate may bc calculated of at 
most a factor 3 (at low temperature A was 
much larger than one). Possibly, the 
number of active sites on a nickel surface 
is larger for cyclohexene hydrogenation 
than for bcnzcnc hydrogwation, or directly 

TABLE 4 

Cyclohexene (De) Hydrogenationa 

Temp 

rv 

rCHE&EA/rCHE+B 

65 mg 1 w Calcdb 
cat. cat. 

160 3.65 3.63 
173 20 2.11 1.35 
192 4.26 1.12 0.53 
201 2.43 0.79 0.34 
215 1.00 0.39 0.19 

a pq = 315 Torr; PCHE = 67 Torr. 
b Calculated with the parameters found for 

mechanism IT. 

from the gas phase, cyclohexene is adsorbed 
more reactively than as formed from t’hc 
hydrogenation of benzene, or a larger part 
of adsorbed hydrogen is active in the cyclo- 
hcxene hydrogenation, or, the most prob- 
able reason, it is an ovcrsimplificat!ion t#o 
assume that the rate constant’s of all 
hydrogen addition steps in the benzene 
hgdrogenat8ion are equal. 
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