
The Kinetics of the Catalytic lsomerization and Transalkylation 
of Cumene 

The :xtivation energies of three i rms:dkyl:~t ion rc:wl ions whirl1 acwmpally the mwking of 
wmcne on L:tY have been measum . I Considwxl ion of the m:lgnit udes of these :wt iv:11 iou 
energws and of the associrltcd frequency factors lo:tds 11s to conclude that thcae are rewtions 
which proceed by a concerted nwchtrnisn~ xnd that the addition of n methyl grorlp t,o t ho wo- 

nJ:itic ring is fuvurcd over riddition to the isopropyl group of almerle. I)isprol)ortioll:~tioll of 
two cmn(tncS to txnzew and diisopropyl benzene tcmds to favor unexpertedly the forum- 
tion of the N&L isomer :rt -500°C. Howover, iwpcc’tio!l of the rate paramcter~ shows th:lt., 
at room temperature, the formation of the pctrcl iwmcr will be favored, in keeping with con- 

ven I iowl wisdom in srlch rnutt.e~s. The isonleriz:it ion of wrncne to n-propyl twnaene appears 
to involve an nlmost. complete bond acparatiori in ltic lr:insilion sl:i1(: :ird c’onst itlltcs t tir 0111) 

olwwvctd Illc~nolll~~l(~crlInr primary side rc:rvticm :1~c~~Jln~J:~~~~i~~~ the cwc~kirtg of CIIIINWC. 

-Tc = /x',*[(X] - Ii-g*[YS][Z], (1) 

Substituting for [<lS] ant1 [lVS] in 

tcrnls of the: ;ipproprint~ct T,;tngniuir adsorp- 

tion isothcwxi ant1 wwunting for cnt:llgst 
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k,K1[C][S,,](l + et)-’ - k..*K,[Y1czlcsol(~ + W’ -Tc =--- --~-~- 
1 + K1[Cl + K,pl+ Km , (2) 

which rrduccs at zero catalyst age and at 
conversions approaching zero to 

kzKJ&][Cu] CC] 3 cc,] -.-- 
-rrl = r+ KJC”] 

. (3) 
t--to 

In theso cxprcssions, k2 rcprcscnts the rate 
constant for the dealkylation reaction ; 
K1, Ka, and K4 rttpresent the adsorption 
equilibrium con&ants for cumcne, propyl- 
cnc, and benzene; and [S,) reprcscnts the 
concentration of act,ivo sites at t = 0. 
Complote details of t.he dowlopmcnt of 
Eq. (1) arc given clswvhcrc (2). 

It is apparent from previous work (1) 
that cumcnc can also react to products 
other than brnzenc and propylcnc. If it 
reacts in a monomolecular fashion, as in the 
case of the formation of wpropyl bcnz~w, 
then an expression analogous to Eq. (3) 
is obtained for tho rate of 
product A : 

K~CSolCCJ -rc2 = li,--- 
1 + KLCul I 

loss of cumwc to 

cc1 -+ CC”1 
* (4) 

t-+0 

If tho loss of C’UIIWI~C occurs in a bimolecular 
fashion according to a liidoul mechanism, 
then the rate of waction of c’umcnc to that 

zs 
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FIG. 1. The IMta mechanism for the dealkylation 
of cumene. C, Cumene; S, active site; Y and Z, the 
reaction products. CS, YS, and ZS represent the 
corresponding adsorbed species. 

particular product would be 

KC%lCCo12 
-?-,a = k,, --~ 

1 + K,cc”l* 
(5) 

Finally, if the bimolecular react,ion were 
of the Hinshckvood type, then 

-l’(,, = /in KL%I~CG~ 2 ----- 
> * 1 + K,CGl 

(0) 

Taking into account all thwc: possibilitiq 
t.hc ovwall rak of loss of cumcnc can bc 
lvrittctn as 

c - rci = -l-r. = 
K~C&l~Col 

I + K1[Cu] > 

From consideration of the various mccha- 
nisms for product formation (1) it appclars 
that tha bimolecular reactions resulting in 
ethyl benzene, cymono, p- and mdiiso- 
propyl bcnzcnc, butcnc, and isobutenc 
occur by llidcnl mechanisms. In that case 
the initial overall rate of loss of cumwc at 
zero catalyst age can be simplified some- 

what to 

( ~1csolcc,l 
-r, = ---- -- 

1 + K1CCol > 

X (5 h-i + C&l 5 kj). C8) i-l j-l 

We mnv clxaminc the wlative rate of 
formation of the various rwction products. 
A procedure such as that carried out above 



r,\ = la.:, -- .-- - - 
1 + K,[C”] ’ 

w 

Initial stopc of ttio 01’1;; 

for pIYdlll~t I\ > 

/‘A kA[s,,l[c’,J~~ 
= __. = - --- .-- .- --.- - 

- r,: 
cs”l[c”l(~ k, + [<:,,I 5 X,) 

x tf k, + [IV”1 2 I;,). (11) ,=I ,=;, 

‘J‘his c;m bc furtlwr sinlptificd sinw in this 
\\ork [Cc,] uxs I~~:~ir~t.:rincd :lt 1 atm. 
Conscqwntly, 
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TABLE 1 

Initial Selectivities for the Primary Reaction Products at the Various Reaction Temperatures 

Temperature 
(“C) 

Compound Order of 
reaction 

Catalyst mesh size 

100/140 TO/80 

500 Benzene 1 0.933 0.937 
n-Propyl benzene 1 0.0030 0.0038 
Cymene 2 0.0018 0.0010 
wDiisopropy1 benzene % 0.013s 0.0140 
yDiisopropy1 benzene 2 0.0070 0.0668 
Jsobutene 2 0.0020 0.0018 
Butene 2 0.0038 0.0037 
Total select.ivity 0.9925 0.99s4 

430 Benzene 
n-Propyl benzene 
Cymene 
m-Diisopropyl benzene 
yl)iisopropyl benzene 
Isobukne 
Butene 
Total selectivity 

I 0.870 0.865 
1 0.0031 0.0041 
‘L 0.0033 0.0032 
2 0.o:n.i 0.0366 
% 0.0199 0.0’203 
% 0.0040 0.0040 
% 0.0048 0.0047 

1.004 1 1.0071 

360 Benzene 1 0.050 0.650 
n-Propyl benzene 1 0.0028 0.0029 
Cymene 2 0.0130 0.0123 
n-IXisopropyl benzene 2 0.08.50 0.0800 
gDiisopropy1 benzene % 0.0580 0.0640 
Isohutene ‘L 0.0095 0.0095 
Butene % 0.0072 0.0073 
Total selectivi1.y 0.9982 0.9991 

cne. In the reaction network presented in 
R(Jf. (1) it can be swn that initially these 
compounds are the products of rcact.ions 
Jvhich produce cymcnc and bcnzcne, rcspcc- 
tively. Hence their inclusion here would bc 
redundant.. In addition, it is clear that 
benzene is formed as a product in the 
formation of diisopropyl benzene from 
cumcnc, in the formation of butane, and in 
the dominant, dcalkylation reaction. COIISC- 
quently, it is newssary to subtract the 
selectivity for the butcncs and for diiso- 
propgl bcnzenes from the “tot,al” benzene 
selectivity in order to obt,ain the selectivity 
for benzene due to the deslkylation reaction 
alone. The bcnzeno scl&ivit.ics rc~port.c~d 
in Table 1 show such wrroctcd quant,itits. 

With thr: initial sloprs list.cd in Table 1, 
the initial rate constants for the formation 

of the primary products can be detcrmincd 
from IQ. (12) if the overall initial rate of 
convnrsion of cumcm: is known. Unfortu- 
nately, the kinctics of this overall initial 
rat,e of cumenc convwsion arc wry complex 
in our system and an alternate approach 
has to bo used. In a previous paper (3) 
t,ho initial rate constant for the dcalkylation 
reaction was calculated. This is the initial 
rate constant for the formation of bcnzcna 
by dcalkylation and, in that sense, is 
conncct.ed with the sclcctivity for bcnzcnc 
listed in Table 1. With this estimate of 
k[S,] and the initial wlwtivity for benzene 
due to dcalkylation, tht: overall rate of 
~rnmo wmvwsion can be easily dctw- 
mined using Eq. (12). Subwqwntly all the: 
other rate constants can be dctcrmincd 
using the rate of overall cunicne conversion 



Temper:lt~ue 
(73 

----.- - .-_ - - -- - -_-.-- 

500 100/140 O.!):i;j 

x/so 0.9::7 

4:jo 100/140 o.sio 
70,‘xo o.sti:i 

:x0 1oo:l‘lo O.&i0 
70,%0 O.&i0 

_~ -- --.-.. -- .-... - _- - -- -- - - 

thus obtairid. \-ulws ol~t:iirwd in Uiis \v:q 
for t,llc: tOti rat,ca of cuniw(~ conwrsion at 
tho vurious rwctiou tcnipcwtuws :m! 
showi iu ‘1’:11~1c 2. IKrxt, using 15q. (1‘1), 
the vtlluc~ for tho ratcl of ~~unl~w~r (~onvwsion 
from ‘l’ablc: 2, arid t.licb iriitSial slolws from 
l’nhlc 1, wc liavo wlculut.cd tlicb iuiti:d rate 
wristnuts for ull thr primary prodwts unclw 
the conditions studied. ‘I’licw: rwult,s :lw 
shown in the fOrI of Arrhmius plots in 
Fig. i’. 1’1i~~ corrwponding :wtivatiou wi(‘r- 
gics arid p~(.(~~poIi(~~it.i:ll fwtors for the 
formntiori uf all prim:lry produds arc 
tabul~ttcd iu ‘rul~l(a 3. The: or&e of t,hc 
rcw*tioris arid tlic naturtt of the :lc*tiw sit.w 
iuvolvd (I) are :A0 slio\vn. 

.-_- -.. - 
0.0475 
0.047.i 
0.01 1:i 
O.OlO(i 
0.0017 
0.0017 

- -- 

Overall initid 
rate of crmwrie 

collvcwic~n 
(nlolr.‘~ SW) 

..- - -___ 
0.0509 
0.0507 
0.01:w 
0.0122 
O.OlJX 
0.002(i 
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TABLE 3 

Activation Energies and Frequency Factors for the Initial Rate Constants for the Formation of the 
Primary Products of the Curnene Iteaction on 100/110-Mesh Catalyst 

Compound 

Benzene 
n-Propyl benzene 
nl-Diisopropyl benzene 
p-1 Xisopropyl benzene 
Cymene 
Isobutcne 
Butene 

Order of 
renction 

1 
1 
2 
2 
2 
2 
2 

Type of 
active site” 

--. 
B 
L 
B 
13 
L 

1, + B 
L + 13 

Activation Frequency factor 
energy x CSOI 

(kcal/mole) (mole/g set) 

2’2.5 1.20 x 106 
21.6 1.94 x 102 

7.9 1.26 x 10-l 
6.0 1.87 x 10-Z 
6.8 7.08 x 10 3 
9.8 5.73 x 10-p 

16.3 1.37 x IO-’ 

o B represents Brensted acid site, while L represents Lewis acid site. 

with othw valuw from the litwaturc cannot 
be mado. Howvcr, t,hcse cstimatcs of the 
activation cnorgics and fwqucncy factors 
do furnish somo insight into the various 
proccsscs that occur on the cat,alyst 
surface and provide additional support. for 
the corresponding chemical rcwtion mccha- 
nisms prwent.ed earlier (1). 

The activation energies for the first-order 
reactions leading to the dralkylstion and 
isomerization of cunwnc are clearly in a 
class by t.hcnwlvcs. AnTactivation energy 
for n-propyl bonzcnc~formation, which is 
nearly equal to that for cumcnc? dralkyla- 
tion, suggests that the transition statr: is 
similar for bot.h reactions. Howctvcr, in 
view of t.he fact that a diffcwnt mcchanisnl 
has bacn proposed for the initial formation 
of the carbonium ion in each of thcsc 
reactions (I), we must suppose that the 
formation of tht: ion is not rat,c limiting 
and that almost complete bond breaking 
occurs in the isomorization of cumcnf: to 
wpropyl bcnzcnc. The loww activation 
cnergics for the remaining reactions, all of 
them second-ordw disproportionat,ions, sug- 
gest that t.hesc involve conccrtcd nwcha- 
nisms involving the t.ransfcr of an alkgl 
group from one cumeno molecule to a second 
cumcnc molecule at, little cost in energy. 

Turning to niorc: dc*tail(~d considwa- 
tions w: SW that the rolat.ivc activation 
ctiwgic3 for bukric and isobutcnc are also 

c’onsistcnt wit,h the mechanisms suggwtcd 
for thclir formation (I). These compounds 
arc: thought to bt: tht: rrsult of a methyl 
transfer from an isopropyl group of one 
cumcne molccu1c to an isopropyl chain on a 
second cummc molaculc. According to the 
rclativct activation encrgics for thaw: com- 
pounds, such a transfrr wquires more 
cwcrgy than the corresponding addition to a 
bc9zcwct ring as rcquiwd, for example, in 
cymctnc production. In addition, we find 
that the trunsfcr of the mcthgl group to an 
(Y carbon of the isopropyl group (t.hc 
twtiary carbon at.om) to produw isobutcne 
is energetically more favorable than a 
sitnilar transfrr to a primary carbon with 
the conscqucnt. format,ion of bukne. 
Furthwmore it. scrms that the subsequent 
cracking reaction is not rate limiting \vhich 
in turn confirms our postulate t,hat the 
butyl \WIMNWS arc unstable intc:rmt:di- 
atw (1). 

Furt,her insight into the butwc wuctions 
can be gained from an analysis of the 
frequency factors shown in Table 3. 
Examining this table we find that the 
frcqwncy factor pclr wactivc carbon atom 
in the alkyl chain is 5.7 X 1O-2 SCY~-~ for 
isobutcnc. This is nearly equal t,o that for 
butcne formation which is calculated to be 
O.S(l3.7 X 10e2) or 6.8 X IO-* see-’ per 
reactive carbon atom. (The factor of 0.5 
has been used because there arc two carbon 
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in the prw(wcc of a T,aJ- catalyst hava hwn 
detcrmincd. Consideration of t.he valuc~s 
of thcsc paramctars lcads us t.o conclude 
the: following. 

(a) The isomcrization of cumene to 
wpropyl benzcno procwds via a transition 
state which rcquircs almost cnmplctc: 
rupture of the side chain to tho bcnzcwc 
ring bond. 

(b) The addition of a methyl from the 
side chain of one cumc‘nc molecule to the 
bcnzcne ring of another to produce ctymcnc: 
requires less ewrgy than the inwrtion of the 
same methyl into the isopropyl group of 
the second cumcnc molcculc. 

(c) The inwrtion of a methyl group 
from the isopropyl of ono cumcnc molcculc 
into the isopropyl group of the second 
cumcnc rcquirw much less energy in the 
case of addition to tho a carbon than it 
does when addition takw place at thca 
terminal (p) carbon. 

(d) In t.he cast of the above addition of 

a methyl to the isopropyl group thcrc is 
no diffwcnce in the (wtropy required for 
addit,ion to thr LY and fi carbons. 

((1) The disproport,ionation of two cu- 
I~WIWS t.o produce bcnzcw and diisopropyl 
bcnzcwc: leads mainly to the wetn and 
para isomers. 

(f) At and around 500°C the ~~~?etn 

isomer is t,hc predominant spwics of di- 
isopropyl benzone formed on LaY. 

(g) The formation of the meta-diiso- 
propyl bcnzcnc is favored by the entropy 
whcrcas the formation of t.hc para isomer 
is favorod by the energy of activation. 
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