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Deoligomerization of cyclooligosiloxanes with dimethyl carbonate
over solid-base catalysts
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Cyclooligosiloxanes, hexamethylcyclotrisiloxane, octamethylcyclotetrasiloxane and decamethylcyclopentasiloxane were effi-
ciently deoligomerized with dimethyl carbonate using an alumina-supported potassium fluoride catalyst under a continuous vapor-
phase flow condition to form dimethoxydimethylsilane monomer. In the deoligomerization of larger cyclooligosiloxanes, the
catalyst was deactivated. The addition of a small amount of methanol suppressed the deactivation. These results strongly suggest a

new method for recycling silicone via monomers.

KEY WORDS: silicone; polysiloxane; recycling; dimethyl carbonate; deoligomerization.

1. Introduction

Silicone polymers are useful as resin, rubber or oil
materials due to high chemo-, thermo- and mechano-
stability and nontoxicity. Recently, the production of
silicone has increased; thus, waste of the polymer has also
been on the increase. Considering silicone recycling, one
solution is depolymerization of the polymers to form
monomers, which can be readily purified and then will
give pure polymers again. The backbone of silicone is the
silicon—oxygen-silicon linkage; that is, the depolymeriza-
tion of silicone means cleavage of siloxane bonds.

Many reagents for depolymerizing silicone, such as
alcohol [1], hydrogen chloride [2], thionyl chloride [3]
and amines [4], have been reported. However, there are
the following drawbacks for the depolymerization: the
reaction using alcohol is an equilibrium reaction, the
chlorides and amines are toxic, and an anticorrosive
reactor is required when using the chlorides. Zhurkina
et al. have reported deoligomerization of octamethyl-
cyclotetrasiloxane with ethyl orthoformate [5]. Dimethyl
carbonate also has been reported as a reagent for
silicone depolymerization [6]. These reagents are less
toxic, and it is not an equilibrium reaction; however, the
degree of the deoligomerization was very low using the
orthoformate [5], and the disposal of waste of sulfuric
acid catalyst is inevitable in both cases.

We have found that the siloxane bond of hexam-
ethyldisiloxane and hexamethylcyclotrisiloxane is effi-
ciently cleaved with dimethyl carbonate (DMC) in the
vapor phase over solid-base catalysts to afford methoxy-
trimethylsilane and dimethoxydimethylsilane respec-
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tively [equations (1) and (2)] [7]. These are not
equilibrium reactions. Furthermore, the disposal of acid
waste is avoidable because of using the solid catalyst.

(CH3),SiOSi(CH3),
+ (CH30),CO—>(CH3);SiOCH; + CO, (1)

o)

(H3C)2S|i/ \Sli(CHs)z
O\Si/o + 3 (CH;0),CO—>3 (CH3),
(CHz), x Si(OCH3), +3 CO,  (2)

In this work, deoligomerization of larger cyclooligo-
siloxanes, octamethylcyclotetrasiloxane and decamethyl-
cyclopentasiloxane, together with hexamethylcyclo-tri-
siloxane, was attempted using solid-base catalysts on
purpose to recycle silicone, because these cyclosiloxanes
are readily formed by thermal degradation of the most
general silicone, poly(dimethylsiloxane) [8,9], especially
by using potassium hydroxide as a catalyst [9].

2. Experimental

The alumina-supported potassium fluoride catalyst
was prepared as follows. Alumina, Neobead GB-26,
from Mizusawa Kagaku Co., Ltd was dried in an oven
at 130°C for one night and added to a 0.5M aqueous
solution of potassium fluoride. The mixture was allowed
to settle for one night and then dried by a rotary
evaporator at 40 °C to give the catalyst. Other supported
catalysts were also prepared in the same manner.

The reaction was performed in a fixed-bed flow
reactor at atmospheric pressure. The catalyst was placed
in a quartz reactor (10 mm i.d.) and pretreated at 400 °C.
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After the pretreatment, the mixture of cyclooligosilox-
ane and DMC was fed to the reactor heated at 400 °C.
The products were identified by GC-MS and quantita-
tively analyzed by gas chromatography.

The contact time was defined as W/F, the catalyst
amount (W: g) divided by the total flow rate (F: mol h™ ).

3. Results and discussion
3.1. Deoligomerization of cyclooligosiloxanes

Hexamethylcyclotrisiloxane, which is the simplest
cyclooligosiloxane, was used to examine the deoligo-
merization of cyclooligosiloxanes. In our previous
report, alumina-supported potassium salt and hydroxide
catalysts were active for the cleavage of the siloxane
bond of the simplest linear siloxane, hexamethyldisilox-
ane [7]. Several alumina-supported alkali metal salts and
hydroxides were used as a catalyst for hexamethylcyclo-
trisiloxane deoligomerization. Table 1 lists dimethoxy-
dimethylsilane yields at 2.5 and 6.5h of time onstream.
All catalysts showed high activities at 2.5h, especially
the potassium fluoride and the cesium hydroxide
catalysts, while the cesium hydroxide catalyst was
deactivated at 6.5h. These results indicate that alu-
mina-supported potassium fluoride catalyst is the most
active and stable one for cyclooligosiloxane deoligomer-
ization among the catalysts investigated.

Figure 1 shows the effect of the reaction temperature.
At 300°C, the yield decreased with time onstream to
22% at 6.5h. The yield increased with increasing
temperature and was stable at 400 °C. The main product
was dimethoxydimethylsilane, and other silanes such as
trimethoxymethylsilane were detected at 400 °C. Each
yield of these by-products was below 4%. They are most
probably formed by disproportionation of dimethoxy-
dimethylsilane or linear siloxanes as reaction intermedi-
ates. Below 350°C, only dimethoxydimethylsilane was
formed as a silane monomer. Thus, a temperature higher
than 400 °C is not suitable for obtaining dimethoxydi-
methylsilane solely. The conversions of DMC at 300,
350 and 400 °C were 68, 88 and 100% respectively.

Table 1
Deoligomerization of hexamethylcyclotrisiloxane using various base
catalysts
Catalyst Dimethoxydimethylsilane yield (%)
2.5h 6.5h
KF/ALO; 52 54
CsF/ALLO; 40 42
KOH/ALO4 40 43
CsOH/ALLO; 55 42

Note: Hexamethylcyclotrisiloxane: 5.7kPa; DMC: 17.2kPa (3 equiv-
alents of the siloxane); Reaction temperature: 400 °C; Contact time (W)
F): 33g hmol™..
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Figure 1. Effect of reaction temperature on the dimethoxydimethyl-
silane yield in the deoligomerization of hexamethylcyclotrisiloxane.
The catalyst was alumina-supported potassium fluoride (500 mg, KF:
5.0mmol g~!). Hexamethylcyclotrisiloxane: 5.7 kPa, DMC: 17.2kPa (3
equivalents of the siloxane). Contact time (W/F): 33gh mol ™.
Reaction temperature: (a) 300, (b) 350, and (c) 400 °C.

The deoligomerization of hexamethylcyclotrisiloxane
(5.7kPa) with DMC (34 kPa) was performed at various
contact times, 7.3, 9.1 and 33gh mol~". At 7.3 and
9.1g hmol™', dimethoxydimethylsilane was solely
formed with around 92% yield. At higher W/F,
33 g h mol™', the yield decreased to 71%. Trimethoxy-
methylsilane and dimethoxytetramethyldisiloxane were
formed together with dimethoxydimethylsilane. The
percentages of trimethoxymethylsilane and dimethoxy-
tetramethyldisiloxane in the silicon-containing products
were 4 and 6% respectively. This indicates the dis-
proportionation of dimethoxydimethylsilane or linear
siloxanes at a long contact time. No formation of other
silicon-containing products at a lower W/F indicates
that only the reaction shown as equation (2) proceeds.

Larger cyclooligosiloxanes, octamethylcyclotetrasi-
loxane and decamethylcyclopentasiloxane were tested
for the deoligomerization with DMC. These cyclooligo-
siloxanes are mainly formed by poly(dimethylsiloxane)
degradation in the presence of potassium hydroxide [9].
The results of deoligomerization of these cyclooligosi-
loxanes are summarized in table 2. Octamethylcyclo-
tetrasiloxane and decamethylcyclopentasiloxane were
also deoligomerized with DMC. The reaction equations
of the deoligomerization of octamethylcyclotetrasilox-
ane and decamethylcyclopentasiloxane are equations (3)
and (4) respectively. The pressure of DMC was twice the
stoichiometric pressure for the deoligomerization. Small
amounts of hexamethylcyclotrisiloxane (hexamethyl-
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Table 2
Deoligomerization of various cyclosiloxanes with DMC

Dimethoxydimethylsilane yield (%) at 3h (6 h)

[Me,SiO],

n Without methanol With methanol?
3% 90 (94) -

4° 94 (78) 94 (86)

5¢ 92 (88) 91 91

Note: The catalyst was alumina-supported potassium fluoride (500 mg,
KF: 5.0 mmol g’l). Cyclosiloxane: #5.7, 2.9, ©2.9kPa; DMC: twice
stoichiometric pressure (*34, ®23, ©29kPa); “Methanol: 1/50th pres-
sure of DMC; Reaction temperature: 400 °C; Contact time W/F):
7.3g h mol™

cyclotrisiloxane and octamethylcyclotetrasiloxane in the
case of decamethylcyclopentasiloxane deoligomerization)
and 1,3-dimethoxytetramethyldisiloxane were formed. The
yield of dimethoxydimethylsilane decreased with time
onstream in the deoligomerization of larger cyclooligo-
siloxanes, while the deactivation of the catalyst was not
observed in hexamethylcyclotrisiloxane deoligomerization.

(CHy),
O—Si

./ N
(H3C)Sj Q + 4 (CH;0),CO—4 (CH3),

o) _Si(CH;z),

N

(H3C),8i—0 x Si(OCH3), + 4 CO»  (3)
(081 O~ Si(CHy ),
Q Q +5 (CH;0),CO—>5 (CH;),
(H3C)ZSi\ /SI(CHg)Q .
00 x Si(OCH3), + 5 CO, (4)
(CHz),

(HBC»Q

SI(CH3)2

—_—
catalyst surface —K— B—

\\\\\
B: basic site
Scheme 1.
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3.2. Effect of methanol addition

As mentioned above, in the deoligomerization of
octamethylcyclotetrasiloxane and decamethylcyclopenta-
siloxane, the yield of the monomer decreased with time
onstream. Methanol at 1/50th pressure of DMC was added
to the reaction feed. The results are listed in table 2. In cases
of both octamethylcyclotetrasiloxane and decamethyl-
cyclopentasiloxane, the yield of dimethoxydimethylsilane
at 3h in the presence of methanol was almost the same as
that in the absence of methanol. At 6h, nonuse of
methanol resulted in a decrease in the yield, while the
addition of methanol resulted in a high yield. These results
indicate that methanol addition inhibits the deactivation of
the catalyst. After the reaction without methanol, the
catalyst became black. Addition of methanol plausibly
prevents coke formation on the catalyst.

The results of this work suggest that the deoligomer-
ization with DMC is a part of a new recycling system of
silicone, since these cyclosiloxanes are readily formed by
thermal degradation of the silicone [8,9].

3.3. Reaction mechanism

The following reaction mechanism of the ring opening
of methylcyclooligosiloxane with DMC in the absence of
methanol was speculated (scheme 1). Methylcyclooligo-
siloxane is activated on alumina-supported potassium
fluoride. The siloxane bond of methylcyclooligosiloxane
cleaved partially on the catalyst reacts with DMC to form
methoxy-terminated linear siloxane and carbon dioxide.
This linear siloxane formed reacts with DMC in
accordance with the mechanism (scheme 2) similar to
the ring-opening mechanism of cyclooligosiloxane with

H3CO(H3C),Si" Si(CH3),0CH,

+

rate-determining step Co;

\\\\\

Speculated mechanism for the ring-opening reaction of cyclooligosiloxanes with DMC.

I W"Si(CH3)200H3
8+ (o]
chpo/ \a_cHa +
% \ (CH3)3SIOCH;
(H3C)2Si 5~ 5+ (HaC)2Si \_ N
0—Si(CH 0--Si(CH
(Cha)s ' :( W rate-determining step CO,
l T —_— b _— .
catalyst surface ——K-B— ——ktp— — kfp—
NANNNN AN NN NANNANN
B: basic site

Scheme 2. Speculated mechanism for the deoligomerization of linear oligosiloxane intermediates with DMC.
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DMC (scheme 1). Finally, cyclooligosiloxane is converted
to dimethoxydimethylsilane monomer. The cleavage of
the siloxane bond of cyclooligosiloxane or the linear
siloxanes is a rate-determining step.

4. Conclusion

Cyclooligosiloxanes can be deoligomerized with DMC
into dimethoxydimethylsilane monomer with a high yield
above 80% over a solid-base catalyst, alumina-supported
potassium fluoride. At a high temperature or at a long
contact time, other silane monomers were formed
probably by the disproportionation of dimethoxydi-
methylsilane or siloxane intermediates. The reaction of
larger cyclooligosiloxane resulted in decreasing the
monomer yield with time onstream. The use of methanol
as an additive inhibited the deactivation of the catalyst.
These results strongly suggest that silicone can be
recycled via the corresponding monomer by using DMC.

Acknowledgment

This research was financially supported by the
Mizuho Foundation for the Promotion of Science.

References

[1] M.G. Vornokov and Z.I. Shabarova, J. Gen. Chem. USSR 29
(1959) 1501; D.L. Bailey and F.M. O’Connor, US Patent 2 881 199
(1959); R. Tsuji, K. Ouchi and T. Hirose, Japanese Patent 7-102067
(1995).

[2] J.F. Hyde, US Patent 2 615 034 (1952); H.-J. Kotzsch, H.-J.
Vahlensieck, US Patent 4 417 067 (1983).

[3] R.N. Lewis, US Patent 2 500 761 (1950); Von E.P. Micheev and
G.N. Malnova, J. Prakt. Chem. 23 (1964) 206; M. Lefort, US
Patent 3 689 519 (1972); M. Takeuchi and H. Ishihara, Japanese
Patent 5-222062 (1993).

[4] Y.-C. Hsiao, L.W. Hill and S.P. Pappas, J. Appl. Polym. Sci. 19
(1975) 2817; S.P. Pappas and R.L. Just, J. Polym. Sci., Polym.
Chem. Ed. 18 (1980) 527; K.-H. Schimmel, Acta Polym. 38 (1987)
495; K.-H. Schimmel and J. Schulz, Acta Polymerica 38 (1987) 536;
K.-H. Schimmel, E. Schroder, J. Schulz and T. Souvimonh, Acta
Polymerica 39 (1988) 310; C.L. Chang, H.S. Lee and C.K. Chen,
Polym. Degrad. Stab. 65 (1999) 1.

[5] I.P. Zhurkina, E.P. Nedogrei, R.S. Musavirov, and D.L. Rakh-
mankulov, J. Gen. Chem. USSR 59 (1989) 1066.

[6] T. Kawamoto, Japanese Patent 2000-169484 (2000).

[71 M. Okamoto, K. Miyazaki, A. Kado and E. Suzuki, Chem.
Commun. 8 (2001) 1838.

[8] W. Patnode and D.F. Wilcock, J. Am. Chem. Soc. 68 (1946) 358;
T.H. Thomas and T.C. Kndrick, J. Polym. Sci., Part A-2 7 (1969)
537.

[9] N. Grassie and 1.G. Macfarlane, Eur. Polym. J.
875.

14 (1978)



