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Ring opening of cyclohexane and methylcyclopentane (MCP) catalyzed by a nickel-alumina 
catalyst was investigated at a hydrogen pressure of 10 atm, in the temperature range from 
230 to 320°C. MCP can react at a temperature some 50°C lower than cyclohexane. At lower 
temperatures, the major products of either reaction are hexane isomers which consist of n- 
hexane (HEX), Zmethylpentane (2MP), and 3-methylpentane (3MP). The composition of 
hexane isomers obtained from cyclohexane depends on the reaction temperature, and the relative 
molar proportions can be expressed as HEX:BMP:3MP = 2-6: 1:l. The composition of 
hexane isomers obtained from MCP is almost unchanged over the temperature range and ex- 
pressed as HEX:2MP:3MP = 1:5:5. It is found that ring opening of cyclohexane proceeds 
along two different paths: (a) isomerization to MCP with subsequent conversion to hexane 
isomers, (b) direct opening of the cyclohexane ring to form n-hexane. The difference in re- 
act,ivities bet,ween cyclohexane and MCP is discussed in terms of the specific modes of their 
adsorption on the catalyst. 

INTRODUCTION 

Catalytic hydrocracking of pure naph- 
thenes have been investigated in some detail 
over bifunctional metal-acidic oxide catma- 
lyst. The reactions of a number of cyclo- 
hexenes over a nickel sulfide on silica- 
alumina catalyst have been investigat,ed 
by Egan et al. (1). They have shown that 
isobutane and cycloparaffins containing 
four carbon atoms less than the original 
cycloparaffin were formed as principal 
products by paring reaction and very little 
ring cleavage occurred. 

cyclohexanes over a nickel-alumina cata- 
lyst and have shown that, methyl groups 
were successively removed from alkyl side 
chain without ring cleavage. It has been 
also shown in our previous study (4) on 
hydrocracking of isopropylcyclohexane that 
hydrodemethylation of isopropyl side chain 
proceeded predominantly over a 46% 
molybdena-alumina catalyst reduced with 
HZ at 550°C. 

The reactivities of cycloparaffins have 
been studied over metal or metal-supported 
catalysts. Hydrogenolysis of a cyclic C-C 
bond become more difficult with an increase 
of the ring size and the number of substi- 
tuents (2). 

Hydrocracking of cyclohexane has been 
investigated by use of nickel-silica-alumina 
(5), zeolite (6, 7), and nickel (8) catalysts, 
but very litt,le attention has been paid to 
the mechanism of direct opening of the 
cyclohexane ring. The fundamental study 
for ring opening of cyclohexane appears to 
provide much information for investigation 
of practical catalytic hydrocracking. 

Kochloefl and Bazant (3) have investi- In the present study, the reactivities and 
gated hydrogenolysis of a series of alkyl- selectivities for ring opening of cyclo- 
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hcxa,nc and m~thylc~c,lop~ntanr wre in- 
vest,igat,cd over a nick+alumina catalyst 
on which hydrogrnolysis of a series of 
paraffinic hydrocarbons has been studied 
recently in this laboratory (9, 10). 

EXPERIMENTAL METHODS 

Materials 

Methylcyclopent’ane of extra-pure-re- 
agent grade was purified by distillation, and 
the sample was det.ermined by gas chroma- 
tography to be of 99.98y0 purity. Cyclo- 
hexane (100.0% purity) of commercial 
reagent grade was used without furt.her 
purification. 

Catalyst 

The nickel catalyst used in the present 
st#udy contained 30 u-t% NiO and was 
prepared from nickel nitrate precipitated 
on alumina. The alumina used as the 
support was the Ketjen high-purity 
alumina (227 m2/g surface area). After 
imprcgnat,ion of alumina with a nickel 
nitrat,e solution, the catalyst, was calcincld 
in air at 450°C for 24 hr. 

Apparatus and Ezrperimental Procedure 

The catalyst was support,ed inside a 
14-mm i.d. by 600-mm long stainless steel 
tube. The dead space above and below the 
catalyst bed was packed with stainless steel 
beads. The hydrocarbon feed rates were 
measured by means of a microfeed pump 
(Tamaseiki CO.). The effluent from the 
reaction tube was introduced into a pressure 
separator and the uncondensed gas was 
passed through a pressure controller and 
discharged t’hrough a wet gas meter. A 
more complete description of the react,or 
and other equipment has been given else- 
where (4, 9). 

In each experiment was used a 5 ml 
portion of nickel-alumina catalyst (20-50 
mesh), which was reduced immediately 
before use with hydrogen at 450°C for 12 
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FIG. I. Hydrogenolysis of cyclohexane and MCP. 
Hydrogen pressure, 10 atm; LHSV, 1.2 hr-1; 
hydrogen flow rate, 1.80 mol/hr; H,/HC (mol/mol) : 
33.0 (cyclohexane), 34.4 (>ICP) ; (0) cydohexane; 

(0) MCP. 

hr under atmospheric prrssure dirretly in 
the flow apparatus. 

The rcact,ions were carried outI at a 
hydrogen pressure of 10 atm, in t,hc t,cm- 
perature range from 230 t,o 320°C. 

Analytitial Method 

A port,ion of the product mixt,urc \vas 
introduced in gaseous state t,o an analytical 
unit and analyzed by means of a Hitachi 
Model 023 gas chromat,ograph with flamc- 
ionizat’ion detectors using a squalane-coat,ed 
alumina column (10 m X 2.0 mm) and a 
squalane capillary column (90 m X 0.25 
mm). The peak arcas were measured with a 
Takeda Model TR-2215 clcctronic 
intrgrat,or. 

RESULTS AND DISCUSSION 

The reactivities of cyclohexane and 
methylcyclopentane (MCP) were compared 
on the basis of the relations between the 
extent of conversion of the parent hydro- 
carbon and the reaction t,cmpcraturc. 
Experimental results are given in Fig. 1, 
which shows that MCP has much higher 
reactivity than cyclohexane has ; the former 
reacts at a temperature some 50°C lower 
than the latter. 
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TABLE 1 

Product Distribution from Hydrogenolysis 
of Cyclohexane 

Temperature (“C) 269.3 280.0 290.1 293.7 304.4 
Total conversion (yo) 3.23 6.53 14.01 18.21 33.98 

ercentage products (100 mol/total moles of products) 

Methane 22.0 32.5 41.8 46.3 54.1 
Ethane 3.3 2.6 2.0 2.0 2.0 
Propane 0.5 0.8 1.3 1.5 2.4 
Isobutane - 0.1 0.3 0.3 05 
Butane 4.0 4.2 4.8 5.1 6.2 
Isopentane 1.2 1.8 2.4 2.6 3.0 
Pentane 7.8 93 11.3 11.5 11.6 

HeXtMleS 46.4 40.8 31.1 26.8 18.0 
MCP 14.9 7.2 4.5 3.2 1.6 
Benzene - 0.3 0.6 0.6 0.5 

Hexane composition (rn01~~) 

HEX 77.6 70.4 63.8 61.3 57.0 
2MP 9.2 14.2 18.9 20.5 22.8 
3nw 13.2 15.4 17.6 18.2 20.1 

Reactions of Cycl&eaane 

The distribution of the reaction products 
of cyclohexane is shown in Table 1. The 
data were obtained over the temperature 
range of 269-304°C. The main products at 
269°C are hexanes. Methane, ethane, 
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FIG. 2. Effect of extent of reaction on the product 
distribution for hydrogenolysis of cyclohexane. 
Temperature, 304’C; LHSV, 0.3-2.8 hr-I; (0) 
methane ; (a) ethane ; (~1) propane; (A) butanes; 
(A) pentanes; (a) hexanes; ( l ) MCP. 
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Fra. 3. Effect of extent of reaction on the hexane 
composition for hydrogenolysis of cyclohexane. 
Temperature, 304°C; LHSV, 0.3-2.8 hr-1; (0) 
HEX; (A) 2MP; (0) 3MP. 

propane, butanes, pent,anes, and MCP 
appear also in the product. With an increase 
in the reaction t,emperaturc, the percentage 
of methane incrcascs, while those of 
hexanes and MCP decrease. Very small 
amount of benzene is also observed at 
higher t,emperatures. 

These results suggest that at lower 
temperatures the ring opening proceeds in 
the earlier stage of the reaction, while the 
subsequent cracking of the ring-opening 
products occurs significantly only at higher 
temperatures. 

The composition of hexane isomers ob- 
tained at each reaction temperature is also 
given in Table 1. With an increase in the 
temperature, the ratio of n-hexane (HEX) 
to total hexanes decreases and those of 
2-methylpentane (2MP) and of 3-methyl- 
pcntane (3MP) increase, while the value 
of 2MP/3MP is almost independent of 
temperature. A possible explanation for 
these results is that the reaction mechanism 
of ring opening of cyclohexane to HEX is 
different from the mechanism of 2MP and 
3MP formation. 

The relationship between the distribu- 
tion of products and the extent of reaction 
were studied. The results are given in 
Figs. 2 and 3. Data were obtained under 
following conditions: 304”C, 10 atm, 33.0 
mol of hydrogen/m01 of cyclohexane. The 
liquid hourly space velocity (LHSV) was 
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varied from 0.3 to 2.8 hr-l by changing 
the feed rate result,ed in cyclohcxanc con- 
version from 27 to 98%. 

Figure 2 shows that the percentages of 
methane and but,anes increase, and those 
of hexancs and pcntancs decrease with an 
increase in t,he cxt,ent of conversion. 

The composition of hcxanc isomers at 
clach cxtcnt of conversion is shown in 
Fig. 3. It is apparent, that hexanes arc 
produced in a const,ant composition over a 
wry wide conversion range. The relative 
molar proportions arc fairly well ex- 
pressed as 

HEX:2MP:3MP = 2:l:l. 

As shown in our previous paper (IO), the 
three hexanes are almost equivalent in 
rcact,ivit,y for hydrogenolysis under t,he 
same condit’ions as those used in the present. 
study. Thercforc, a constant composition 
of hexane isomers will bc maintained, 
rcgardlcss of the extent of hydrogcnolysis. 

Reactims of A/CP 

The distribution of each product from 
t(hc reaction of MCP is given in Table 2. 
Data were obtained over the temperature 
range of 231-275°C. Hexanrs are prc- 
dominantly produced at lower tempera- 
t,ures. The percentagcls of mct,hanc and 

TABLE 2 

Product Distribution from Hydrogenolysis of MCP 

Temperature (“C) 231.2 238.3 249.3 200.5 274.6 
Total conversion (%) 6.5 12.0 32.2 67.4 99.5 

Percentage products (100 mol/total moles of products) 

Methane 11.4 15.2 20.0 27.9 46.6 
Ethanc 0.9 0.6 0.7 0.7 1.1 
Propane 0.5 0.3 0.2 0.2 1.0 
Isobutane - 0.1 0.3 0.5 1.4 
Butane 0.1 0.3 0.5 1.1 3.4 
Isopentane 5.3 5.7 6.6 8.0 10.8 
Pentanc 0.7 1.1 2.0 4.0 7.8 
HfXfZMlCS 81.0 76.7 00.7 x.5 28.1 

Hrxane wnlpuailion (mol%) 

11EY 12.; ‘J.ti 8.X S.!) 10.0 
m I’ 40.2 47.1 40.5 45.ti 43.6 
9hll’ 41.3 -1X.4 44.x 45.5 46.2 

FIG. 4. Effect of extent of reaction on the product 
distribution for hydrogenolysis of RLCP. Tempera- 
ture, 26O’C; LHSV, 0.35-2.5 hr-1; (0) methane; 
(a,) ethane; (0) propane; (A) butanes; (A) 
pentanes; ( l ) hexanes. 

pentancs increase wit,h temperature. The 
formation of cyclohexane, benzcnc, or 
cyclopentane is not’ observed over the entirn 
kmperaturc range. The composition of 
hexane isomers is almost independent, of 
tempcrat,ure and the relative molar propor- 
tions are approximately expressed as 

HEX:2MP:3MP = l:;i:S. 

The ratio of HEX t,o t,otal hexancs in the: 
rcacbion of MCP is much lower t,han t,h(l 
rat,io in the rcact,ion of cyclohcxaw, u-hilc 
the values of 2MP/3MP are almost qua1 
in both react,ions. 

The relationships between the distribu- 
tion of products and the extent of react,ion 
were invrstigat,ed at 26O”C, \vit,h 33.4 mol 
of hydrogen/mol of MCP. Figure 4 shows 
that t,he percent.agc of hcxane dccreascs 
continuously, while those of methane, 
prnt,arws, and butanes increase with an 
incwasc: in thr c>xtcwt, of conwrsion. 

Figure 5 sho\~s t,hnt, t,hc conlpoxit,ion of 
hc:xanc isomcw is almost ind(~pc~nd(~nt of 
the cxtjclrit of convwsion. 
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FIG 5. Effect of extent of reaction on the hexane 
composition for hydrogenolysis of MCP. Tempera- 
ture, 260°C; LHSV, 0.35-2.5 hr-1; (0) HEX; 
(A) 2MP; (0) 3MP. 

Reaction Paths in Ring Opening of Cyclo- 
hexane 

A reaction scheme can be discussed in 
view of the experimental facts that signifi- 
cant amounts of MCP present in the 
product of the reaction of cyclohexane and 
that the value of 2MP/3MP from cyclo- 
hexane is equal to the value from MCP. 
It seems reasonable to suppose that 2MP 
and 3MP are formed by ring opening of 
MCP which arises from the isomerization 
of cyclohexane. The high ratio of HEX to 
total hexanes in the reaction of cyclo- 
hexane also suggests the possibility of 
direct opening of the cyclohexanc ring. A 
reaction scheme to account for the observed 
data is given in Fig. 6, which includes two 
parallel reaction paths for ring opening of 
cyclohexane: (I) direct opening of the 
cyclohexane ring to give HEX, (II) isom- 

0 
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. 

FIG. 6.-A reaction scheme for ring opening of 
cyclohexane. 

TABLE 3 

Selectivity Factor in Ring Opening of Cyclohexane 

Temper- 269.3 280.0 290.1 293.7 304.4 
ature 

SZ 0.76 0.68 0.60 0.37 0.52 

erization of cyclohexane to MCP followed 
by ring opening to give 2MP, 3MP, and 
HEX. 

The selectivity for these two reaction 
paths is discussed as follows in terms of 
the relation of the selectivity factor, SI, 
and the reaction temperature. Sr is defined 
as the ratio of the amount of HEX pro- 
duced through path (I) to the sum of 
hexane isomers produced through paths 
(I) and (II). The amount of HEX pro- 
duced t,hrough path (II) is estimated 20% 
of the amount of 2MP. Because of the fact 
that the composition of hexane isomers is 
independent of the contact time, Sr can 
be calculated from Eq. (1) by using the 
yields of hexane isomers, 

ST = (YH - 0.2Y2M)/ 

(YH + YZM + Y&W), (1) 

where Yn, YAM, and YAM are the yields of 
HEX, 2MP, and 3MP, respectively. The 
results calculated are given in Table 3. 
It is apparent that ring opening through 
path (I) occurs preferentially at lower 
temperatures, while the reaction via 
MCP proceeds significantly at higher 
temperatures. 

Selectivity for Ring Opening of MCP 

The values of HEX : 2MP : 3MP obtained 
by ring opening of MCP are approximately 
expressed as 1: 5 :5 over the temperature 
range of 230-275“C. This fact indicates 
that large amounts of 2MP and 3MP but 
a small amount of HEX arc produced by 
t’his reaction. This agrees well with the 
results of hydrogenolysis of MCP over a 
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nickel powder catalyst studied by Robcrti 
et al. (11). According to their data, t,hc 
values of HEX:ZMP:SMP obtained by 
t,he ring opening of MCP can bc cxprcsscd 
as 1:7: 10, and these values arc almost 
const,ant over t,hc same tempcraturc rango 
as that used in the present, st,udy. 

In our previous paper, the sclrctivity for 
hydrogcnolysis of Cg- and C6-paraffins over 
the same nick&alumina catalyst as that 
used in the prcscnt st,udy was discussed ; 
t#hc predominant reaction is successive 
degradation to met,hane and a hydro- 
carbon containing one carbon atom less 
than the start,ing hydrocarbon, while the 
rupture of carbon-carbon bonds other than 
t,orminal ones t,o give hydrocarbons occurs 
only as a minor react,ion, and sccondary- 
secondary CHZ-CH, bonds arc broken 
more easily than tertiary-secondary 
CH-CH2 bonds in the latter reaction. 

The distribution of the reaction products 
from MCP also suggests that the CH,-CH2 
bond in a hydrocarbon ring can bc ruptured 
more easily than t,hc CH-CH, bond in the 
dame ring. 

Stability of the Cyclohexane Rir1.g 

From the results obtained in this study, 
it is apparent that MCP is much more 
wactive in ring opening than cyclohexane. 
The reasons for the high stability of t,hc 
cyclohexanc ring arc not completely under- 
stood yet. Bond energies of the carbon- 
carbon bonds in the cyclohexanc ring are 
approximately the same as those in cyclo- 
pentane or cycloheptane ring. 

Kochloefl and Bazant (3) have st,udicd 
hydrogenolysis of cycloparaffins over a 
nickel-alumina catalyst. They have shown 
that methyl-groups arc successively re- 
moved from their alkyl side chains without 
ring clcavagc in the reaction of alkyl- 
cyclohexancs, while the splitting of C-C 
bonds in t’hc side chains of alkylcyclo- 
pcntancs and alliylcyclohcptarlcs is ac- 
companicd by hydrogcnolytic opening of 
the ring. They have cxplaincd the high 

stability of the cyclohcxanc ring in terms 
of the formation of a surface complex of 
quasi-aromatic nature. 

The large difference in rcact,ivitics be- 
town cyclohexane and MCP may bc 
ascribed to the specific modes of their 
adsorption on t’hc cat’alyst. 

It is known that cyclohcxanc molcculc 
is present practically in the chair form (A) 
and that the 12 hydrogen atoms may bc 
divided int#o two grtomctrically diffcrcnt 
groups: six equatorial (c) and six axial (a) 
atoms. 

(A) Cyclohexane molecule (B) $dsorbed model 

Three hydrogen atoms in tho axial posi- 
tion lie on one side of t,he ring and in t,hc 
same direction. Therefore, cyclohcxanc 
seems to bc adsorbed prcfcrrntially by 
splitting its axial hydrogen atoms on the 
same side of the six-mambercd ring parallrl 
to the surface (B). The rupt,urc of C-C 
bonds in this adsorbed species seems more 
difficult. 

In hydrogcnolysis over nickrl catalysts, 
the C-C bond rupture proceeds via int#cr- 
mcdiatrs adsorbed with at lcast two 
adjacent carbon at’oms such as cr,P-di- 
adsorbed species (3, 12). The formation of 
thrsc species is accompanied by the 
deformation of bond angles in the cyclo- 
hexanc ring. The stabilit,y of the cyclo- 
hexane ring may bc ascribed to the strain 
energy and the quasi-aromatic nat,urc of 
the adsorbed:specics. 

(C) MCI’ molecule (U) Adwrbed model 
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Five hydrogen atoms in a MCP molecule 
arc on the same side of the almost flat 
ring skeleton (C). It is sterically favorable 
for MCP to be adsorbed by splitting its 
hydrogen atoms on the same side without 
bond-angle deformation. The adsorbed 
species (D) may be further dehydrogen- 
ated, which may cause the ring opening. 

In the present study, the formation of 
significant amounts of MCP from cyclo- 
hexane were observed. Isomerization of 
cyclohexane to MCP is usually considered 
to occur via a cationic mechanism. How- 
ever, very little branched paraffins (below 
274 of total products) were produced from 
hydrogenolysis of CrCs n-paraffins (9)) 
and CH,CHz bonds are broken more 
easily than CH-CH2 bonds in the reaction 
of branched paraffins and MCP over the 
same catalyst as the present one in the 
temperature range of 230-330°C. In addi- 
tion, the alumina used as the support did 
not present any significant activity against 
isomerization such as cyclohexene to 
methylcyclopentene. From these results it 
is suggested that isomeriaation of cyclo- 
hexane to MCP proceeds via another 
mechanism than a cationic mechanism. It 
can be explained by assuming recyclization 
of the ring-opening intermediates. As 
described above, extensively dehydrogen- 
atcd species lead to the C-C bond rupture. 
The intermediates formed by ring opening 
are still bound to the catalyst surface and 
may be either desorbed to give n-hexane or 

recyclized to give MCP. Two alternative 
paths for ring opening of cyclohexane are 
ascribed to the behavior of the acyclic 
adsorbed species. At higher temperatures, 
the acyclic adsorbed species change into 
surface intermediates with extensively dis- 
sociated carbon-hydrogen bonds and the 
recyclization to MCP occurs in preference 
to the direct opening of the ring. 
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