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Cyclohexane transformations over metal oxide catalysts
1. Effect of the nature of metal and support on the catalytic activity in
cyclohexane ring opening
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The activities of monometallic Pt-, Ru-, and Rh-containing catalysts supported on Al,O3,
Al,O3—F, SiO,, WO3/Zr0O,, and La,05/Zr0,, in cyclohexane ring opening to form n-hexane
were studied. The most active catalyst is Rh/Al,O3. Cyclohexane hydrogenolysis to n-hexane
also occurs over the Pt/Al,O5 and Pt/La,05/ZrO, catalysts. Ring opening over the Ru catalysts
proceeds at significantly lower temperatures (210—230 °C) than over the Pt and Rh catalysts
(350—400 °C), but the ruthenium systems are less selective for n-hexane formation than
Rh/Al,O; catalysts. The effects of acid-basic properties of the support and the reaction condi-
tions on the activities of the catalytic systems in cyclohexane ring opening was studied.
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Selective ring opening of naphtene hydrocarbons to
form normal and low branched paraffins improves the
quality of diesel fuel due to enhancement of the cetane
number of the fuel, whereas skeletal isomerization leads
to a marked improvements in quality of gasoil fractions.

Ring opening of cyclopropane, cyclobutane, and
cyclopentane hydrocarbons has been reported earlier.1—5
Ring opening of cyclohexane to form n-hexane was stud-
ied to a lesser extent.%7

Dehydrogenation, isomerization to methylcyclopen-
tane (MCP), and hydrocracking to C;—C;s hydrocarbons
are the main reactions of cyclohexane and its alkyl de-
rivatives over oxide catalysts containing Pt, Rh, Ru, Ir,
Re, and U.L7—11 Under specific conditions, n-hexane
can be formed from cyclohexane over oxide catalysts con-
taining Rh, Ru, Ni, and Pt.6:7:12

From the study of the mechanisms of hydrogenolysis
of cyclopentane and cyclohexane,’ it can be inferred that
Pt significantly differs from other VIII group metals in its
catalytic behavior. Whereas cyclohexane transforms to
n-hexane over the activated carbon-supported Rh, Ru,
Ir, and Os catalysts, this reaction does not occur over
Pt/C, although the corresponding alkanes can be formed
from cyclopentane and C;—C5 cycloalkanes.

Isomerization to alkylcyclopentanes is the main path-
way of the cyclohexaned and methylcyclohexane!3 trans-
formations over bifunctional Pt catalysts containing metal

oxides modified with SO,2~ or WO,2~ anions and exhibit-
ing strong acid and superacid properties (Pt/WO5/ZrO,
and Pt/SO,/ZrO,). When alkylcyclopentanes undergo
hydrogenolysis over electron-deficient metal particles,
isoalkanes are formed along with n-alkanes Cg and C;.

The type of cyclohexane or methylcyclohexane trans-
formations over Ru- and Ir-containing catalysts?—11:14
depends on the metal dispersion. When the dispersion is
low, cyclohexane hydrogenolysis (hydrocracking) to form
light alkanes, mainly methane, prevails, whereas dehy-
drogenation to benzene is the main reaction over highly
dispersed catalysts.?

The effects of the metal nature (Pt, Rh, Ru), acid-
basic properties of the support (SiO,, Al,O3, Al,O3—F,
WO;/Zr0,, and La,0;/Zr0,), and the reaction condi-
tions on the activity and selectivity of the metal oxide
catalysts in the cyclohexane ring opening to form n-hex-
ane were studied in this work.

Experimental

We used y-Al,03, Al,O3—F (F content was 0.3 or 3.5 wt.%)
and SiO, with the specific surface area (S,) of 250, 150—160,
and 300 m? g~!, respectively, as the catalyst supports. The sup-
port 15% WO3/ZrO, was prepared according to the known pro-
cedure,'5 and 3% La,0,/ZrO, was prepared by impregnating
zirconium hydroxide with an aqueous solution of lanthanum
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nitrate followed by calcination at 500 °C for 4 h. The metals (Pt,
Rh, and Ru) were introduced from dilute aqueous solutions of
H,PtClg, RhCl;, and [Ru(NH;)4](NO3);, respectively, by im-
pregnation of the support at 20 °C followed by evaporation on a
rotary evaporator. Then the samples were dried for 2 h at 130 °C.
Before runs, the catalysts were reduced in an H, flow for 3 h at
450 °C. The concentrations of Pt, Ru, and Rh in the catalysts
were 1.0 wt.%.

The cyclohexane transformations were studied in a flow setup
at 180—400 °C and a pressure of 0.7—5.0 MPa. The catalyst
volume was 1—3 cm?, the cyclohexane feed rate was 1—2 h~!at
the molar ratio H, : C¢Hy, = (5—10) : 1. The reaction products
were analyzed by GLC without preliminary separation of gas-
eous and liquid hydrocarbons on a column (/ = 3 m) packed
with polymethylphenylsiloxane on Celite C-22. The selectivity
for each product was evaluated as the ratio of its yield to the
overall cyclohexane conversion.

Results and Discussion

Pt catalysts. Dehydrogenation to benzene is the main
reaction involved in cyclohexane transformations in the
presence of Pt/SiO, at 340 °C and a pressure of 0.7 MPa
(Table 1). In this case, cyclohexane does not undergo
hydrogenolysis and the yield of n-hexane was <1%. Over
the Pt/Al,O;—F catalyst (0.3 wt.% F) under similar condi-
tions, cyclohexane is predominantly dehydrogenated to
benzene but the yields of n-hexane and MCP are one order
of magnitude higher than those over Pt/SiO,. Less than 1%
of cyclohexane is hydrocracked to C;—Cj5 hydrocarbons.

At a low cyclohexane conversion (11.6%) only ben-
zene and a small amount of n-hexane are obtained over

the Pt/Al,O5 catalyst without F (see Table 1). With in-
creasing temperature and conversion of cyclohexane, the
selectivity for benzene decreases, while MCP and iso-
hexanes appear in the reaction products. A pressure
increase at the constant temperature leads to a de-
crease in both the cyclohexane conversion and selectivity
for benzene, and the n-hexane yield increases. The
n-CgHyy @ i-C¢H 4 ratio in the products of cyclohexane
transformation varies from 5 to 13, and this is signifi-
cantly higher than that found in MCP hydrogenolysis
under similar conditions (see Ref. 4). Hence, n-hexane
can be formed over Pt/Al,O5 through the direct opening
of the cyclohexane ring.

As is known, treatment of the Al,O5 surface with ha-
lides induces the appearance of proton acidity and, as a
result, the enhancement of catalytic activity in skeletal
isomerization. Cyclohexane is mainly dehydrogenated to
benzene over the Pt/Al,0;—F catalyst (3.5 wt.% F) at
320—420 °C and a pressure of 0.7 MPa (Fig. 1, a). How-
ever, as pressure is increased to 2.0 MPa, the product
distribution substantially changes: despite a decrease in
the molar ratio H, : CgH |, from 10: 1 to 5: 1, the benzene
yield is at most 6 wt.%, and simultaneously, the contribu-
tion from isomerization of cyclohexane to MCP increases
(Fig. 1, b). With an increase in temperature from 350 to
400 °C, the MCP yield passes through a maximum, the
n-hexane yield increases up to 22.9 wt.%, and that of
isohexanes reaches 42.4 wt.% (see Fig. 1, b).

The introduction of 3.5 wt.% F in the Pt/Al,O; cata-
lyst changes the pattern of cyclohexane transformation: at
the conversion of <15%, only MCP and benzene are

Table 1. Effect of reaction conditions on the conversion and selectivity of cyclohexane transformations
over the Pt- and Rh-containing oxide catalysts (molar ratio H, : C¢dH;, =10 : 1)

Catalyst Uyol P T X Y 5 (%))
/L MPaffC (%) WLR) T TS mCHyy, MCP CoH
P/SiO, 107 340 389 04 - 1.0 02 988
Pt/ALOs—F I 07 340 376 32 05 08 85 43 859
(0.3 wt.% F)
Pt/ALO5 2 1 350 116 15 — — 19 — 871
21 370 341 27 — 09 79 53 859
2 2 370 147 52 — 27 354 95 524
22 400 496 124 12 32 250 46 659
23 400 414 175 29 80 423 89 379
Pt/ALOs—F > 1 350 145 — - — 607 393
(3.5 wt.% F)
Rh/SiO, 25 320 927 519 440  — 560 S
Rh/ALO; 2 1 280 332 249 232 18 750 S
> 1 350 100 — 00— - S
>3 300 910 593 341 07 652 S
> 5 280 559 490 123 — 877 S

Note. The following designations were used here and in Tables 2, 3: v, is the cyclohexane space feed rate,
X is the cyclohexane conversion, Yis the n-hexane yield, S is the selectivity for products.
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Fig. 1. Effect of reaction conditions on the cyclohexane conver-
sion (X) (/) and yields (Y) of benzene (2), n-hexane (3), iso-
hexanes (4), and methylcyclopentane (5) over Pt/Al,O;—F
(3.5 wt.% F): pressure 0.7 MPa (a), 2.0 MPa (b), molar ratio
H,: C¢H;; =10:1 (a) and 5 : 1 (b), cyclohexane space feed
rate, 2 h—1.

formed with the selectivity for MCP 1.5 times higher than
that for benzene (see Table 1). At pressures above 1 MPa,
the main reaction accompanying cyclohexane transfor-
mation over the catalyst becomes isomerization to MCP
followed by hydrogenolysis to isohexanes and n-hexane
rather than dehydrogenation to benzene (see Fig. 1, b).

In the presence of the Pt/WO;/ZrO, bifunctional sys-
tem containing strong acid sites, cyclohexane predomi-
nantly isomerizes to MCP (Fig. 2, a). At temperatures
>350 °C, isohexanes and n-hexane are formed in small
quantities with total yields not exceeding 10 wt.% (Table 2,
Fig. 2, a).

Selectivity for mn-hexane is very high for the
Pt/La,0;/ZrO, system possessing the basic properties
(see Table 2). With increasing temperature and pres-
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Fig. 2. Dependence of the cyclohexane conversion (X') (/) and
yields (Y) of alkanes C;—Cjs (2), n-hexane (3), isohexanes (4),
and methylcyclopentane (5) over the catalysts Pt/WO;/ZrO,
(a), Pt/La,03/ZrO, (b), and Rh/WO;/ZrO, (c) on temperature
(T') (pressure 2.0 MPa, molar ratio H, : C¢Hy, = 10 : 1, cyclo-
hexane space feed rate, 2 h™1).

sure, the cyclohexane conversion increases and selectiv-
ity for n-hexane decreases. Simultaneously, the yield
of the C;—C;s hydrocarbons increases and formation
of isohexanes and benzene is detected (see Table 2,
Fig. 2, b).
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Table 2. Effect of the acid-basic properties of the support in Pt- and Rh-containing catalysts on the
selectivity of cyclohexane transformations (molar ratio H, : CgHy, = 10 : 1, v, = 2 h~1h)

Catalyst D T X Y S (%)
/MPa_ /o€ (%) WL%) o o CH,, n-CgHy MCP G
PYWOy/Zr0, 1 300  33.0 . _ . — 100 .
2 300 385 . _ . — 100 .
2 400 898 28 52 70 31 763 84
Rh/WO5/ZtO, 1 300 430 12 07 65 28 900 -
2 300 436 12 07 71 28 894 -
2350 906 60 30 202 66 702 -
2 370+ 67.9 - _ _ — 545 455
Pt/La,0,/Zt0, 2 370 187 180 3.7 — 963 - -
2 400 666 294 100 52 441 27 380
30370 198 171 25 114 886 ~ -
300380 365 259 77 99 710 — 1S
30400 833 434 315 107 521 58
4 380 575 385 198 132 67.0 - _
Rh/La,05/ZtO, 1 280 338 213  37.0 — 630 _ .
2 280 417 300  28.1 — 719 _ -
30280 479 341 288 — 712 - -
3300 100 — 100 - - - -

* Replacement of H, for N, (molar ratio N, : C¢Hj, =10 : 1).

Hence, depending on the acid-basic properties of the
support and reaction conditions, cyclohexane transforms
over the Pt-containing catalysts through the following
pathways: dehydrogenation to benzene, isomerization to
MCP, opening of the cyclohexane ring to n-hexane, and
hydrogenolysis to C;—C5 alkanes. When Pt is supported
on SiO, or Al,O3, dehydrogenation of cyclohexane to
benzene prevails. Cyclohexane ring opening to form
n-hexane occurs over the Pt/Al,O; and Pt/La,03/ZrO,
systems. The Broensted acid sites (B-sites) likely par-
ticipate in the formation of the isomerization prod-
ucts (MCP, isohexanes) over the acid catalysts
(Pt/Al,05—F, Pt/WO3/ZrO,). Isohexanes found over
Pt/Al,05 seem to be the products of secondary reactions.

Rh catalysts. The Rh/Al,0O5 catalysts have been shown
earlier!? to be the most active and selective in cyclohex-
ane ring opening to form n-hexane. As can be seen in
Table 1, cyclohexane hydrogenolysis over the Rh cata-
lysts occurs at temperatures of 280—320 °C, that is,
50—100 °C lower than that over the Pt/Al,O3 systems.
The reaction conditions strongly affect the pathway of the
cyclohexane transformation over Rh/Al,Ozand Rh/SiO5:
both selective ring opening to form n-hexane and com-
plete hydrogenolysis to C;—Cs hydrocarbons can take
place depending on the temperature and/or pressure. This
catalytic behavior is determined not only by the support
nature (Al,O3, SiO,) but also by the properties of sup-
ported Rh clusters, 19 since this behavior is due to differ-
ences in the activation energies for cracking and ring open-
ing. For example, the n-hexane yield over Rh/Al,O5 at

280 °C (pressure 1.0 MPa) is 24.9 wt.% at selectivity of
75%, whereas cyclohexane transforms to C;—Cj hydro-
carbons at 350 °C with the 100% conversion and selectiv-
ity. The highest n-hexane yield (59.3 wt.%) was obtained
over Rh/AL,O53 at 300 °C and 3.0 MPa. The yield of
isohexanes is at most 1.8 wt.%. Benzene and MCP are not
formed over the Rh/Al,O5 and Rh/SiO, catalysts under
conditions of our experiments (see Table 1).

The data of Table 2 and Fig. 2, ¢ clarify the activity
and selectivity of the Rh-containing systems with the acid
(WO3/Zr0,) and basic (La,03/Zr0O,) properties.

Isomerization to MCP is the main pathway of cyclo-
hexane transformation over the Rh/WO3/ZrO, and
Pt/WO3/ZrO, catalysts. With an increase in temperature,
the yield of MCP passes through a maximum, while the
yields of isohexanes, n-hexane, and alkanes C;—C;
steadily increase (see Fig. 2). At similar cyclohexane
conversions, the selectivity for MCP is lower over
Rh/WO;/ZrO, and those for isohexanes and n-hexane
are substantially higher than over Pt/WO;/ZrO, (see
Table 2). When N, is used instead of H,, the cyclohexane
conversion decreases and the MCP and benzene are the
transformation products. Hence, cyclohexane isomeriza-
tion to MCP occurs predominantly over the Pt- and
Rh-containing catalysts supported on the acid oxides
(Al,0;—F, WO;/Zr0,). Isohexanes and n-hexane are pro-
duced upon the hydrogenolysis of MCP and cyclohexane
(see Table 2, Fig. 2).

On the contrary, the cyclohexane ring opening to
form n-hexane and the hydrogenolysis of cyclohex-
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Table 3. Cyclohexane transformations over the Ru catalysts (mo-
lar ratio Hy : C¢gH, = 10: 1, p = 1.0 MPa, v,,; =2 h™!)

Catalyst T X Sicy
/°C (%) (%)

Yield of products (wt.%)

Cl—CS i-C6H14 n-C6H14

Ru/AL, 03 200 11.9 66 4.1 — 7.8
210 294 53 13.4 0.3 15.7
230 100 0 100 — —
Ru/AlL,O3—F 190 55 65 1.9 — 3.6
(BS5wt.% F) 210 309 44 17.3 — 13.6
230 100 0 100 — —

ane to C;—Cj alkanes prevail over the basic catalysts
(Rh/Lay05/ZrO, and Pt/La,03/ZrO,). The n-hexane
yield over Rh/La,05/ZrO, reaches 34.1 wt.% with selec-
tivity of 71.2%.

It has been shown earlier!3 that the B-sites and metal-
lic particles participate in cyclohexane ring opening over
bifunctional catalysts and this process involves alkyl-
cyclopentanes. When the support has no B-sites,”>12 ring
opening occurs through the C—C bond rupture over the
metal (Pt, Rh, Ru) and #-hexane and alkanes with lower
molecular weights are formed.

Considerable differences in selectivity of Pt- and
Rh-containing catalysts on the acid and basic supports
can be due not only to the support properties but also the
different dispersion of the metal particles. The difference
in sizes of the metal particles causes a change in the metal
charge during the formation of specific active sites at the
metal—support interface.!® For example, a bifunctional
site, a positively charged adduct of the metal particle
with a proton, can be formed upon interaction be-
tween the Rh (or Pt) small particles and B-sites.16:17
These sites are capable of catalyzing C—C bond hydro-
genolysis.

Ru catalysts. The Ru systems are active in cyclohex-
ane hydrogenolysis at lower temperatures than the Rh
and Pt catalysts (¢f. the data of Tables 1—3). The
hydrogenolysis of cyclohexane to form n-hexane and al-
kanes with lower molecular weights is the main path-
way of cyclohexane transformation over Ru/Al,O; and
Ru/Al,O;—F (see Table 3).

The cyclohexane conversion at temperatures of
210—230 °C over the Ru catalysts varies from 30 to 100%,
whereas the Pt and Rh-containing catalysts are inactive
in fact. The yield of n-hexane and selectivity of its forma-
tion strongly depend on the reaction temperature. When
the temperature increases from 190—200 to 230 °C the
selectivity drops from 65% to 0. The maximal yield of
n-hexane over Ru/Al,O; was 15.7 wt.% at the selectivity
of 53%. The yield of C;—Cs hydrocarbons changes in
parallel to the cyclohexane conversion, and only C;—C;
alkanes, mainly methane, are formed at 230 °C. Neither

benzene nor MCP were formed over Ru/Al,O; and
Ru/Al,O;—F under the above conditions.

Summing up, the overall scheme of cyclohexane trans-
formations over the metal oxide catalysts can be pre-
sented as follows.

H2
T C1—C5<—

A preferable reaction path depends on the metal na-
ture, acid-basic properties of the support, and the reac-
tion conditions.

Dehydrogenation of cyclohexane to benzene occurs
over Pt/SiO, and Pt/Al,03, and cyclohexane ring open-
ing to form n-hexane, whilst to a lesser extent, takes place
over Pt/Al,0;. Depending on the reaction conditions,
dehydrogenation of cyclohexane to benzene or its isomer-
ization to MCP followed by Cs cycle opening and for-
mation of a mixture of hexane isomers prevails over
Pt/Al,O;—F.

The catalysts containing Pt and Rh on the solid
superacid WO;/ZrO,, are characterized by the high yield
and selectivity to MCP. When the basic support is used
(La,05/Zr0,), a high selectivity in cyclohexane ring open-
ing to form n-hexane was found. The opening of the Cg
ring to form n-hexane and hydrogenolysis to C;—Cj5 al-
kanes are the main reactions over the Rh/Al, O3, Rh/SiO,,
and Ru catalysts.

In terms of the maximal yield of n-hexane formed
upon cyclohexane ring opening, the catalysts studied can
be arranged in the following sequence: Rh/Al,O; >
> Rh/SiO, > Pt/La,03/ZrO, > Rh/La,03/ZrO, >
>> Pt/Al,05 = Ru/Al,05.

The most active and selective catalyst in this reaction
is Rh/ALO;.
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