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It is an urgent need to find methods to utilize silicon fines, a waste material from

silicon wafer manufacturing processes, that have been disposed of in the landfill. It has

been know that tetramethoxysilane (TMOS), a raw material for a variety of organosilicon

compounds, is synthesized from Si via the reaction with methanol (CH3OH) or from Si02

via the reaction with dimethyl carbonate (DMC). This study has focused on looking into

the possibility to use up the silicon fines, mixtures of Si, Si02, and inerts, in the production

of TMOS or other useful chemicals through either reaction of the two. Four samples of

silicon fines from different stages/locations of two silicon-wafer manufactures have been

tested for this purpose.

A differential flow reactor was set up to carry out the reactions. A sequence of

solid pretreatments, including catalyst impregnation and palletization, was developed to

make the silicon fines ready for reaction. An analytical method using a gas-

chromatograph was also developed to determine the composition of gas mixtures
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containing DMC, CH3OH, TMOS, and others. A number of reaction runs were made to

measure the rate of silicon fines consumption as well as TMOS production at

temperatures ranging from 250 to 325 °C.

It was found that KOH was useful for catalytically converting both Si and SiO2

with DMC into TMOS while Cu(II)C12 was useful for converting only Si with CH3OH.

In the reaction with DMC at temperature below 300 °C, TMOS was the only liquid

product. A higher temperature than this led to the formation of carbonaceous materials

and byproducts. On the other hand, the reaction with CH3OH always produced a mixture

of TMOS with byproducts at any temperatures investigated.

The reaction of silicon fines with DMC took place in two stages: the rapid initial

stage and rather slow steady stage. The consumption of silicon fines in this reaction

increased with an increase in the reaction temperature, yielding 6% at 300 °C in 5 hours.

Based on these findings, a process to convert silicon fines into TMOS was proposed for

discussion. Also, further study needed for realizing the process in the future was

proposed.



Direct Synthesis of Tetramethoxysilane from Silicon Fines

by

Panut Vongpayabal

A THESIS

submitted to

Oregon State University

in partial fulfillment of

the requirements for the

degree of

Master of Science

Presented July 28, 1997

Commencement June, 1998



Master of Science thesis of Panut Vongpayabal presented on July 28, 1997

APPROVED:

Major Professor, representing Chemical Engineering

Head or Chair of Department of Chemical Engineering

Dean of Grad Schoo

I understand that my thesis will become part of the permanent collection of
Oregon State University libraries. My signature below authorized release of my
thesis to any reader upon request.

Panut Vongpayabal, Author

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy



ACKNOWLEDGEMENTS

I would like to take this opportunities to express my sincere appreciation to the
following people:

Dr. Shoichi Kimura, my advisor, for his valuable recommendations, guidance, and
support throughout the research, without his support, this thesis study could never
been successful.

Dr. Peter 0. Nelson, Dr. Goran Jovanovic, and Dr. Christopher J. Biermann who were
my committee members with their valuable help and suggestions in this thesis.

All the professors in Chemical Engineering Department who provided me a valuable
knowledge and experience during studying at Oregon State University.

Thanks to my devoted family, Mr. Padung Vongpayabal, my father, Mrs. Noppakhun
Vongpayabal, my mother, Mrs. Palinee and Miss Panid Vongpayabal, my sister, who
always support and encourage me.

Miss Thas Phromchotikul who corrects my writing in the first draft.

Mr. Hirofumi Honda, Fuji Silysia Chemical Ltd., for his teaching and guidance during
the experiments.

To everyone in Dr. Kimura's lab: Dr. DahchengLin, Dr. Tsai-chen Wang, Dr. Yao-
dian Liu, Utami Setiowati for their suggestions and help.

To all my dear friends in the Chemical Engineering Department and all Thai friends.

This research has been supported by Mitsubishi Silicon America and Wacker
Siltronic.



TABLE OF CONTENTS
Page

1. Introduction 1

2. Literature Review 3

2.1 Synthesis of tri/tetramethoxysilane from element Si 4

2.1.1 Production of organosilicon compounds from element Si 4
2.1.2 Synthesis of methoxysilanes via the gas-solid reaction of 6

Si with CH3OH using Cu compounds as a catalyst

2.2 Synthesis of TMOS from Silica (Si02) 8

2.2.1 Production of organosilicon compounds from SiO2 8
2.2.2 Synthesis of tetramethoxysilane via the gas-solid reaction 10

of Si02 with DMC with KOH as a catalyst

2.3 Synthesis of tetramethoxysilane from silicon-fines 11

3. Experimental Apparatus and Procedures 12

3.1 Characteristics of silicon samples 12

3.1.1 Silicon fines 12

3.1.1.1 Chemical analysis 12
3.1.1.2 Particle - size distribution analysis 14

3.1.2 Pure silicon powder and Si02 15

3.2 Sample preparation 19

3.2.1 For CH3OH reaction 19
3.2.2 For DMC reaction 20
3.2.3 Pure silicon powder for CH3OH reaction 20
3.2.4 Pure silicon powder for DMC reaction 20
3.2.5 Si02 beads for CH3OH reaction 21

3.3 Experimental Apparatus 21

3.3.1 Synthesis of TMOS from CH3OH / DMC reaction 21
3.3.2 CH3OH and DMC decomposition 24



TABLE OF CONTENTS ( Continued )

Page

3.4 Experimental Conditions and Procedures 25

3.4.1 Experimental procedure to produce TMOS from CH3OH 25
reaction

3.4.2 Experimental procedure to produce TMOS from DMC 27
reaction

3.4.3 CH3OH and DMC decomposition analysis 29

4. Results and Discussion 31

4.1 DMC decomposition 31

4.2 CH3OH decomposition 35

4.3 TMOS formation study from BG 38

4.3.1 CH3OH reaction 38
4.3.2 DMC reaction 40

4.4 TMOS formation from pure silicon powder 43

4.4.1 DMC reaction 43
4.4.2 CH3OH reaction 43

4.5 Synthesis of TMOS from BG via DMC reaction 48

4.5.1 Effect of temperature 48
4.5.2 Effect of Sample amount 53

4.6 Synthesis of TMOS from TS or SR via DMC reaction 56

5. Mass Transfer Limitation Analysis 62

6. TMOS Process 66

7. Conclusion and Recommendation for Future Study 69

7.1 Conclusion 69

7.2 Recommendation for future study 70



TABLE OF CONTENTS ( Continued )

Bibliography

Appendices

Page

71

75



LIST OF FIGURES

Figure Page

2.1 Routes for transformation of complex 2 into organosilanes by 9
different reagents

2.2 Two routes for transforming of silica into organosilanes 9

3.1.1 Particle size distribution of BG 16

3.1.2 Particle size distribution of TS 17

3.1.3 Particle size distribution of SR 18

3.2 Experimental set-up for TMOS synthesis from silicon fines 22

4.1 The composition of reactor outlet gas in DMC decomposition 33
at 300 °C

4.2 Molar flow rates of DMC and CO2 produced in DMC 34
decomposition at 300 °C

4.3 The composition of reactor outlet gas in CH3OH decomposition 36
at 300 °C

4.4 Molar flow rate of CH3OH and H2 produced in CH3OH 37
decomposition at 300 °C

4.5 The composition of reactor outlet gas in the BG-CH3OH 39
reaction at 300 °C

4.6 The composition of reactor outlet gas in the BG-DMC 41
reaction at 300 °C

4.7 The composition of reactor outlet gas when Si powder reacted 45
with CH3OH at 300 °C

4.8 The rates of TMOS formation from pure Si powder reacting 46
with CH3OH and DMC at 300 °C

4.9 The rate of TMOS formation from BG-DMC reaction at 49
different temperatures



LIST OF FIGURES ( Continued )

Figure Page
4.10 The composition of reactor outlet gas in the BG-DMC 52

reaction at 325 °C

4.11 Arrhenius relationship between the rate of TMOS formation and 54
temperature

4.12 Molar conversion of DMC changing with the initial mass of BG 57

4.13 TMOS formation from the BG-DMC reaction at 300 °C with 58
different initial mass of samples

4.14 The composition of reactor outlet gas in the B-DMC 60
reaction at 300 °C

4.15 The composition of reactor outlet gas in the SR-DMC 61
reaction at 300 °C

6.1 The schematic of TMOS process 68



LIST OF TABLES

Table Page
3.1 The chemical composition of silicon fines from LECO 13

3.2 The chemical properties of silicon fines ( % in mass ) 13

3.3 The physical properties of silicon fines 14

3.4 Physical properties of pure silicon powder and Si02 15

3.5 Element analysis of pure silicon powder and Si02(%mass) 15

3.6 Preparation of BG for CH3OH and DMC reactions 20

3.7 Preparation of pure silicon powder for CH3OH and DMC
reactions

21

3.8 The operating conditions of the gas chromatograph 27

3.9 The operation conditions of CH3OH and DMC reaction 28

3.10 The operation conditions for CH3OH/DMC decomposition 29

4.1 Experimental results of DMC dissociation at 300 °C and 325 °C 32

4.2 Operating conditions for and results from the reaction of BG with 42
DMC and CH3OH

4.3 Operating conditions and results from the reaction of pure Si
powder with DMC and CH3OH

47

4.4 The operating conditions and results obtained from BG-DMC
reaction at four different reaction temperatures

50

4.5 The overall molar conversion of DMC at 300 °C for 5 hours
operation with the different initial mass of BG

56

4.6 Operating conditions for TS-DMC and SR-DMC reactions 59



LIST OF APPENDICES
Page

Appendices 75

Appendix 1 : Experimental data and results of DMC and CH3OH 76
decomposition

Appendix 2 : Experimental data and results of TMOS Process 80

Appendix 3 : Data analysis procedures 108



LIST OF APPENDIX TABLES

Table Page
A.1.1 The study of methanol decomposition at 300 °C 77

A.1.2 The study of dimethyl carbonate decomposition at 300 °C 78

A.1.3 The study of dimethyl carbonate decomposition at 325 °C 79

A.2.1 BG-CH3OH reaction in a presence of CoC12 ( 5 wt %) 81
as a catalyst at 300 °C

A.2.2 BG-DMC reaction in a presence of KOH ( 5 wt %) 84
as a catalyst at 300 °C

A.2.3 Pure Si powder-CH3OH reaction in a presence of CoC12 87
( 5 wt % ) as a catalyst at 300 °C

A.2.4 Pure Si powder-DMC reaction in a presence of KOH 90
( 5 wt % ) as a catalyst at 300 °C

A.2.5 BG-DMC reaction in a presence of KOH ( 5 wt %) 93
as a catalyst at 250 °C

A.2..6 BG-DMC reaction in a presence of KOH ( 5 wt %) 96
as a catalyst at 275 °C

A.2.7 BG-DMC reaction in a presence of KOH ( 5 wt %) 99
as a catalyst at 325 °C

A.2.8 10-g BG-DMC reaction in a presence of KOH ( 5 wt %) 102
as a catalyst at 300 °C

A.2.9 6-g BG-DMC reaction in a presence of KOH ( 5 wt %) 105
as a catalyst at 300 °C



Direct Synthesis of Tetramethoxysilane from
Silicon Fines

Chapter 1

Introduction

Tetramethoxysilane (TMOS, (CH3O)4Si) is one ofmost important chemicals from

which a variety of organosilicon compounds can be derived. Rochow [1948] reported

that TMOS could be obtained when silicon fused with copper was brought into contact

with methanol (CH3OH) vapor at 553 °K in a fixed-bed reactor. In the last forty years,

many efforts have been made to synthesize TMOS with high selectivity, because it is an

important intermediate key step in the synthesis of silicone polymers, in the production of

glasses and in the ceramics production by the sol-gel process. It is also used as a starting

material for producing high purity silica.

Silicon-fines, which consists of mainly Si and Si02, are obtained as a waste from

the process of silicon wafer production, in which silicon rods are sliced into pieces of

wafer to be used further in computer processing. The silicon-fines have been disposed of

in the landfill beside the plant. Owing to recent increase of environmental awareness, this

research attempts to utilize silicon-fines as a starting material for the production of useful

chemicals, including TMOS. Presently, there are two gas-solid reactions found to produce

TMOS with high selectivities.
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The first one is to use the reaction between silicon and CH3OH with Cu(1T)C12 as a

catalyst [ Suzuki et. al., 1991]. Under the pretreatment at high temperature in a hydrogen

stream, the reaction of silicon with CH3OH yields trimethoxysilane (TMS,(CH3O)3SiH)

and TMOS with high selectivities. The second is a gas-solid reaction between SiO2 and

dimethyl carbonate (DMC) with an alkali metal as a catalyst [ Ono et. al., 1993].

The purpose of this study is to find possibilities to economically convert the

silicon-fines into useful materials. Since the silicon-fines are mainly composed of Si and

Si02, an effort has been made to choose one of the two reactions mentioned above, that is

more appropriate to the characteristics of silicon-fines.

Seven chapters present the overall investigation in this study. In chapter 2, a

literature survey of various methods reviews all possible ways for the synthesis of

organosilicon compounds. It will provide the background for this study. The dissociation

of CH3OH as well as DMC at high temperature is also discussed. In chapter 3, the

experimental apparatus and procedure used in this study are briefly illustrated. In chapter

4, the experimental results are discussed. In chapter 5, the effect of mass transfer

limitation will be tested. In chapter 6, the TMOS process is proposed. Finally, chapter 7

includes the summary and the recommendation for future work.
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Chapter 2

Literature Review

In the past few years, the potential role of inorganic and organometallic silicon

compounds in the development of new chemical reagents, polymers, glasses and ceramics

is limited at present by the paucity of simple silicon-containing starting materials [Kluwer,

1991]. Therefore, many efforts were attempted to find new synthetic routes to produce

these materials. Relying on low cost, the processing methods which avoid the energy-

intensive and equipment-intensive carbothermal reduction step are highly desirable

[Richard, 1991].

The synthesis of organosilicon compounds started via the carbothermal reduction

of SiO2 to Si reacting with HCl. This has been known for a long time as the way to

produce methoxy-chlorosilanes due to the low-cost of SiO2. Later, direct synthesis of

methoxychlorosilanes was developed by means of reacting Si with methyl chloride at 200-

300 0C over a copper catalyst. Because of the increasing demand in fields ranging from

organic synthesis to ceramics to the electronics industry in the recent years, several new

methods to synthesize those materials have been developed. As a result, many routes

evolved later. Finally, TMOS was introduced and played a manifest role as one of the

most important organosilicon compounds in the field of glasses and ceramics.

With regard to the composition of silicon-fines comprising mainly Si and Si02, this

chapter is divided into two main parts related to the evolution of organosilicon compounds



from the past to present: the synthesis of organosilicon compounds from Si and that from

Si02.

2.1 Synthesis of tri- /tetramethoxysilane from element Si

2.1.1 Production of organosilicon compounds from element Si.

The important innovation of organosilicon compounds was developed by Rochow

et. al.[ 1945]. The reaction was carried out by using element Si with methyl chloride

(CH3C1) in the presence of copper (Cu), as a catalyst which lowers the temperature of the

reaction. The main product is dimethyklichlorosilane, (CH3)2SiC12, including a series of

other substances; such as, CH3SiC13, (CH3)3SiC1, CH3SiHC12, carbon, hydrogen, methane,

etc [Klebensky, 1955].

The main overall gas-solid reactions (between CH3C1 and Si in a presence of Cu)

are shown below.

Si (s) + CH3C1 (g)

Si (s) + 2CH3C1 (g)

CH3 S ia (g) (2.1.1.1)

Si(CH3)2C12(g) (2.1.1.2)

Both the reactions above can be divided into three elementary reaction steps

[Rochow et. al., 1945].

Step 1: 2Cu (s) + CH3C1 (g)

CuCH3 (s)

Step 2: Cu Cl (s) + Si (s)

250 °C
CuCI (s) + CuCH3 (s)

decompose

T '.. 265 °C

Exothermic rxn.

Cu (s) + CH3 (g)

S i a (s) + Cu (s)

4



Step 3: SiC1 (s) + CH30 (g) CH3 SiC1 (g) (2.1.1.6)

In the first step, Si and Cu contact-mass is exposed to CH3Ckg) at

250 °C in order to form cuprous chloride and an active free methyl group. SiCI (0,

activated Si nuclei, are formed in the second mechanism. The last step is methylation or

further chlorination of the activated silicon to form the volatile molecules of CH3SiC1.

Many researchers have postulated that the reaction rate and selectivity of

methylchloro- silanes depend on the first step: "contact mass preparation". Therefore,

some attentions have already been devoted to figure out the role of Cu as the catalyst in

the synthesis of organosilanes from Si and organohalides [Voorhoeve et. al., 1965].

Voorhoeve et. al.(1964) presented that free Cu is not effective as a catalyst since

the organic radical can decompose into carbonaceous material and hydrogen in reaction

2.1.1.4. Consequently, instead of Cu, Cu(I)Cl reacted with Si was applied to produce an

active Cu-Si complex instead, which easily gives rise to the formation of the Ti phase

( a kind of copper presented in an alloyed state) as following

4 CuCl (0 + Si (0

3Cu (s) + S (s)

Side-reaction ( free copper )

diffuse

(n-1)Si (s) + 4Cu (0 + SiCla (g)

Cu3Si

CH3 Cl (g) Cu (s) CUCI (s) + CH3 111(g)

(2.1.1.7)

(2.1.1.8)

(2.1.1.9)

5
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The ri phase ( Cu3Si ) compound yields a highly selective and rapidproduction of

(CH3)2SiC12 from the beginning of the reaction with CH3C1. Owing to the side-reaction in

equation 2.1.1.9, the heat treatment of contact-mass, prepared from Si and Cu(I)C1, in the

atmosphere of argon mixed with hydrogen sulfide was applied to reduce free Cu

[ Voorhoeve et. al., 1965 ].

However, the drawback of this reaction is the corrosive nature of the reactant

( CH3C1) and the products which include HC1. Thus, the direct synthesis of organosilanes

from metallic Si without the use of halides is highly desired [ Ono and Suzuki, 1995 ].

2.1.2 Synthesis of methoxysilanes via the gas-solid reaction of Si with CH3OH usingCu compounds as a catalyst.

For many years, the reaction of silicon with CH3OH is known to give

methoxysilanes. In 1948, Rochow reported that TMOS was obtained when silicon fused

with copper was contacted with CH3OH vapor at 250 °C in a fixed-bed reactor [Ono,

1990 ]. Also, both TMS and TMOS were produced when CH3OH vapor was fed slowly

at 250 °C into a reactor containing silicon fused with Cu in silicone oil [ Rochow, 1970 ].

Thus,

Si (s) + 3CH3OH (g)

(CH3O)3SiH (g) CH3OH (g)

Cu

Cu
(CH3O)3SiH (g) H2 (g) (2.1.2.1)

(CH3O)4Si (g) + H2 (g) (2.1.2.2)
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Many efforts have been made to investigate the most effective way to obtain high

yield and selectivity of methoxysilanes from the Si-CH3OH reaction. Ono et. al. (1990)

found that the reactivity of Si with CH3OH greatly depended on the kind of catalyst and

the preheating temperature. The four types of reduced-copper compounds already studied

are Cu(I)C1, Cu(rI)C12, Cu(n)acetate and Cu(H)hydroxide, each of which was applied in

the pretreatment stage involving the formation of active sites in the Si- CH3OH reaction.

By using either Cu(I)C1 or Cu(I1) C12, Ono et. al. (1991) reported that Si grains,

washed with an HF solution for Si-Cu contact-mass and pretreated at 260-450 °C for 1

hour in a hydrogen stream before the reaction, could remove the SiO2 layer on the Si

surface, which prevented the active-site formation. The optimal operating temperature for

both the reactions is in the range of 240-280 °C at atmospheric pressure. Higher

temperature will cause CH3OH to decompose to other compounds as

CH3OH (g) HCHO (g) + H2 (g)

2CH3OH (g)

(2.1.2.3)

CH3CHO (g) + H2O (g) + H2 (g) (2.1.2.4)

Therefore, the CH3OH decomposition will be one of the essential steps in this

process. By using Cu(I)Cl or Cu(11)C12 as a catalyst in the Si-CH3OH reaction, TMS is

the primary product and TMOS is the secondary product derived from the reaction of

TMS with CH3OH over metallic Cu [Ono et. al., 1995]. By using the active catalyst

containing halide ions, chlorine-containing compounds are formed, that can cause the
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corrosive problem in the process. Alternatively, Cu(fl)acetate and Cu(F1)hydroxide were

developed as new routes for preparing active catalysts for the Si-CH3OH reaction.

2.2 Synthesis of TMOS from Silica (SifIl

2.2.1 Production of organosilicon compounds from Si02

For a long time, element Si was used as the starting material to produce

organosilicon compounds. One way to obtain element Si inexpensively was the

carbothermal reduction of Si02 to Si [Richard, 1991]. Thus, it is an interesting challenge

to find a route to synthesize organosilicon compounds from silica without having to

convert it into element Si [Boudin et. al., 1988]. The first investigation was made by

Rosenheim who converted silica into hexacoordinated silicon complex 1 in water with

catechol in 1931.

Si02 + 3 O
2-

OH H2O ONN

+ 2KOH Si 2K+.8H20

OH 3

Complex 1

(2.2.1.1)

To transform hexacoordinated Si complex 1 into organosilanes (complex 2),

Boudin (1986) reported the nucleophile attack of organometallic reagent (RMgX) on

complex 1 leading to the formation of silicon-carbon bonds as shown below.

2-
)RMgBr (excess)

2K+.8H20

3 Cp2TiCl2

0
R,Si

XIMg0

Complex 2

(2.2.1.2)



Moreover, various organosilanes can be obtained by reacting complex 2 with

different nucleophiles, as illustrated in Figure 2.1.

Figure 2.1 : Routes for transformation of complex 2 into organosilanes by differentreageents.

Finally, there are two possible routes for the transformation of silica into

organosilanes, known at that time, as shown in Figure 2.2.

Carbothermal reduction
Silica

Rosenheim
process

Silicon

Rochow process

Complex 1 Organosilanes
Organomettalic reagent

Figure 2.2 : Two routes for transforming silica into organosilanes.
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2.2.2 Synthesis of tetramethoxysilane via the gas-solid reaction of Si02 with DMCwith KOH as a catalyst

Recently, Ono et. al.[1992] presented a new route to produce alkoxysilanes

through the gas-solid reaction of pure silica, loaded with 5 wt% of potassium

hydroxide, with DMC at 227-327 °C. The order of the reaction rate with respect to DMC
is 0.68, the activation energy being 89 KJ/mol [Ono et. al., 1992]. The reaction is shown

below.

0
I I KOH

Si02 (s) + CH3OCCH3O
(DMC)

S i(OCH3)4 (g) 2CO2 (2.2.2.1)

Furthermore, to increase the rate of reaction especially in the early stage, the

high-temperature treatment over 250 °C in a helium stream for one hour is necessary.

Besides the reaction with Si02, DMC was consumed in its thermal decomposition into

dimethyl ether and carbon dioxide by about 4% at 327 °C and 25% at 352 °C, respectively

[Ono, 1993].

0
I I

CH3OCCH3O (g) CH3 OCH3 (g) CO2 (g) (2.2.2.2)

Consequently, the DMC decomposition is another significant step to be considered.
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2.3 Synthesis of tetramethoxysilane from silicon-fines

It has been mentioned so far that TMOS can be synthesized by the reaction of Si

or Si02 with CH3OH or DMC. However, silicon-fines are mixtures of Si, Si02, and some

inerts, and it has not been known if TMOS or some other useful chemicals can be

synthesized from this waste material using the catalysts developed for pure materials. One

of the two objectives of this research is to measure the rate of TMOS production via the

silicon-fines-CH3OH reaction and silicon-fines-DMC reaction to evaluate the reactivity of

silicon-fines. There are four possible ways:

cuo2
Si (s)+ 4CH3OH (g) (CH30)4S (g) 2H2 (g) ; AG° = 107.4 Kcal/mol (2.3.1)

cuci2
Si02 (s) + 4CH3OH (g) (CH3O)4Si (g) 2H20 ; AG° = 228.5 Kcal/mol (2.3.2)

KOH
Si02 (0 + 2(CH3O)2C0 (g) (CH3O)4Si (g) 2CO2(g) ; AG° = 145.5 Kcal/mol (2.3.3)

KOH
Si (s) + 2(CH3O)2C0 (g) (CH3O)4Si (g) 2C0(g) ; AG° = 33.3 Kcal/mol (2.3.4)

The Gibbs free energy change in each reaction is estimated at 573 °K (300 °C).

Since the Gibbs free energy change of the reaction 2.3.2 has a big positive value, it

may be most unfavorable. The other objective is to determine most appropriate operating

conditions for the reaction selected, which produce TMOS efficiently as well as

economically.
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Chapter 3

Experimental Apparatus and Procedures

3.1 Characteristics of silicon samples

3.1.1 Silicon-fines

3.1.1.1 Chemical analysis

Silicon fines are obtained from landfill at four different places, denoted BG, TS,

NS, and SR. They were dried in an oven at 100 °C for 24 hr; then, were sent to LECO for

0/N/C analysis which has been known as the LECO method. Solid samples are heated to

1800 °C or higher to liberate nitrogen and oxygen in helium. Also, solids are heated in air

to liberate carbon as CO. With the use of a thermal conduction detector (TCD), 02, N2

and CO are detected to predict chemical composition. The major components of silicon-

fines are believed to be Si, SiO2, and SiC. The element analyses of the four different

sources of silicon fines, obtained from the LECO lab, are shown in Table 3.1. Based on

the mass fractions of carbon and oxygen determined by the analysis, the chemical

compositions ( % in mass) of silicon fines are estimated and summarized in Table 3.2.

For example, analytical contents of BG are: 10.97 %wt C, 5.82 %wt 0. Thus,

assuming 0 is from SiO2 gives

MW. SiO2 60.09wt% of SiO2 = x wt% 02 x 5.82 = 10.92
MW. 02 32.0
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Also, assuming that all carbon is in SiC.

MW. SiC 40.1wt% of SiC
MW C 12.0

x wt% C = x 10.97 = 36.66
.

wt% of SiO2 = 100 - wt% Si02 wt% SiC

= 52.42

where MW. is the molecular weight.

The composition of BG is hence 52.42% Si, 10.92% SiO2, and 36.66% SiC.

Table 3.1 : The chemical compositions of silicon fines from LECO

Type C (wt%) 0 (wt%)
BG 10.97 5.82
NS 3.68 34.03
TS 0.93 39.08
SR 8.56 22.80

Table 3.2 : The chemical properties of silicon fines ( % in mass)

Type Si S102 SiC
BG 52.42 10.92 36.66
NS 23.80 63.90 12.30
TS 23.59 73.30 3.11
SR 28.60 42.80 28.60



14

Since it is known that neither CH3OH nor DMC can react with SiC at low

temperatures considered in this study, only Si and SiO2 are possibly converted to useful

materials; TMS and TMOS. According to the reactions and their Gibbs free energy

changes presented in section 2.3, Si may react with both CH3OH and DMC to produce

TMOS while SiO2 may not react with CH3OH. Consequently, Si seems to be a higher

reactive material than SiO2. Among the four types of silicon fines, BG and TS were

selected because the former contains Si at a highest fraction and in the latter SiO2 is the

major component. Tests using SR were also made, which has intermediate composition.

3.1.1.2 Particle-size distribution analysis

BG, TS, and SR as received were dried in an oven at 100 °C for 24 hr. Then, a

sample was dispersed by deionized water in a glass cell and immersed in an ultrasonic

water-bath. The cell was put into a centrifugal particle size distribution analyzer

(HORIBA CAPA 7000), which is capable of measuring particle sizes in the range from

0.00111m to 700 km. An average particle size of about 5.71 pm was obtained for BG,

15.5 pm for TS, and 4.46 km for SR. The size distributions are shown in Figure 3.1.1,

3.1.2, and 3.1.3. The densities of the three were also measured with a picnometer, which

are shown in Table 3.3.

Table 3.3 : The physical properties of silicon fines

Specification BG TS SR
Density ( g/cm3 ) 2.60 2.24

, 1.32
Average particle size (km.) 5.71 15.5 4.46
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3.1.2 Pure silicon powder and SiO2

Since Si and SiO2 are the major component in silicon fines, it is important to know
which of the CH3OH or DMC reaction can highly convert Si to TMOS. To test this, pure
Si powder and SiO2 beads were used in the respective reactions. The physical and

chemical properties of the pure silicon powder and SiO2 beads are shown in Table 3.4 and
3.5.

Table 3.4 : Physical properties of pure silicon powder and S102

Symbol Material dp pp BET surface Pore Size
(gm) (Wcm3) (m2/g) ( °A)

*Si-F Silicon 2.0 2.4 N/A N/A
#Si02 Silicon dioxide 1700-4000 0.415 193 154

Table 3.5 : Element analysis of pure silicon powder and SiO2 ( % mass )
Symbol Si Fe Al Ca C 0 H

*Si-F 99.27 0.08 0.10 0.02 0.02 0.51
#Si02 46.05 53.80 0.15

* Shin-Etsu Chemical Company Ltd.

# Fuji Silysia Chemical Ltd.



)Figure 3.1.1: Particle size distribution for BG diameter ( Am.
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3.2 Sample preparation

3.2.1 For CH3OH reaction

Sample solid materials obtained from landfill were first dispersed in deionized

water in individual beakers, filtered and then dried at 100 °C for 24 hr. 0.5 g of Cu(II)C12

was dissolved in 5 cm' of CH3OH in a beaker. 9.5 g of cleaned and dried solids were

immersed in the CH3OH/Cu(H)C12 solution, and dispersed in it by using an ultrasonic

water-bath. The mixture in the beaker was left in a well ventilated hood until all CH3OH

had evaporated. Solids impregnated with Cu(H)C12 were then brought into an oven to be

dried at 100 °C for 12 hr. Next, the cake of solids was broken into small pieces and

palletized by compressing 0.3 g of the mixture in a die of 0.5 inch diameter at a pressure

of 15,000 lbf. The pallets ,0.5 inch diameter and 1.10 mm thick, were cut into small

particles of about 2 mm in size.

Later, the particles were sieved by a mesh with 1.168 mm. openings. Particles

larger than 1.168 mm but smaller than 2 mm were selected to be dried at 100 °C for 3 hr.

in the oven and immediately weighed before packing them to the tubular reactor for the

reaction experiment.
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3.2.2 For DMC reaction

The preparation of solids for the DMC reaction is almost identical to that for the

CH3OH reaction mentioned above. 0.5 g of KOH was used instead of Cu(11)C12. The

steps of preparation for both the CH3OH and DMC reactions are summarized in Table
3.6.

3.2.3 Pure silicon powder for CH3OH reaction

The steps of sample preparation for pure silicon powder obtained from Shin-Etsu

Chemical company Ltd. are similar to those described in section 3.2.1, except some

specifications, as illustrated in Table 3.7.

Table 3.6 : Preparations of BG for CH3OH and DMC reactions

Specifications CH3OH reaction DMC reaction
Catalyst Cu(II)C12 KOH
Palletization 0.3 g/15,000 lbf 0.3 g/9,000 lbf
Pallet thickness 1.10 mm 1.05 mm
Mesh 1.168 mm opening 1.168 mm opening

3.2.4 Pure silicon powder for DMC reaction

The steps are almost identical to those for the BG/TS preparation except for a few
operating conditions, as shown in Table 3.7.
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3.2.5 Si02 beads for CH3OH reaction

9.5 g of Si02 beads were immersed in a solution of 0.5-g Cu(II)C12 dissolved in

5 cm3 of CH3OH in a beaker. Then, the mixture in the beaker was left in a well-ventilated

hood until all CH3OH had evaporated. Si02 beads impregnated with Cu(11)C12 were then
brought into an oven to be dried at 100 °C for 12 hr and immediately weighed before
packing them in the tubular reactor for the reaction experiment.

Table 3.7 : Preparations of pure silicon powder for CH3OH and DMC reactions.

Specifications CH3OH reaction DMC reaction
Catalyst Cu(1I)C12 (5 wt%) KOH (5 wt%)
Palletization 0.3 g/3,000 lbf 0.3 g/3,000 lbf
Pallet diameter 0.5 inch 0.5 inch
Pallet thickness 1.70 mm 1.75 mm
Solvent for contact mass methanol methanol
Sieve opening 1.168 mm 1.168 mm
Dry before reaction 100 °C for 3 hr 100 °C for 3 hr

3.3 Experimental Apparatus

3.3.1 Synthesis of TMOS from CH3OH /DMC reaction.

The experimental apparatus designed for the synthesis of TMOS is shown in
Figure 3.2. Samples from BG, TS, SR or pure Si powder were inserted in an 1.5 m. long
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Figure 3.2: Experimental set-up for TMOS synthesis from silicon fines
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tubular reactor, which is made of a 0.5 inch ID stainless steel tube. They were

sandwiched with stainless steel filaments and placed in the center of a 3-foot long electric
furnace. The temperature of the furnace was controlled by a programmable controller.
To obtain temperature measurements, a thermocouple was inserted inside the tubular
reactor close to the samples.

The water bath, item 6, in Figure 3.2 was used to heat the reactant, either CH3OH
or DMC, kept inside a stainless steel bubbler, item 5. In order to obtain the steady flow
rate of the reactant, operating conditions were investigated. It was found that the
effective operating pressures are 144.7 KPa for the CH3OH reaction and 101.3 KPa for
the DMC reaction, respectively. Before the reaction was initiated, CH3OH and DMC
were heated to 76 and 91°C, respectively. These temperatures are the boiling points at the
mentioned operating pressures. Then, reactant vapor was carried by a helium stream
through the reactor where it reacted with sample particles impregnated with KOH or
Cu(II)C12 (see section 3.4 for more details). In Figure 3.2, He(1) is helium gas directly

used to carry the reactant vapor out of the bubbler. He(2) goes through the side stream to
be used for adjusting the molar concentration of the reactants.

The effluent gas from the reactor was splitted into 2 parts for analysis.
The first part of the outlet gas was introduced into a gas sampling loop (EV-91 Model)
periodically in order to analyze the composition of products. The sampling loop was
connected to a gas chromatograph (Shimadzu, Model 14-A) equipped with a 3-m column
of 10% SE-30 chromosorb, operating at 35-55 °C, and a TCD. The other part was
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introduced into the ice trap where vapor was condensed into liquid. Later, the

composition of the condensate was determined by gas chromatography. The gas

chromatograph was connected to a computer equipped with the EZChrom data

acquisition program (Shimadzu).

3.3.2 CH3OH and DMC decomposition

According to the thermal decomposition analysis reported by Ono [1993], DMC

decomposes to dimethyl ether and carbon dioxide by about 4% at 327 °C and 25% at

352 °C. Also, CH3OH decomposse to aldehyde, formaldehyde, water and hydrogen at

high temperature[ Frank D. M., 1988].

Therefore, it is necessary to know how much DMC or CH3OH remains for the

desired reaction after the thermal decomposition. The tubular stainless steel reactor

inserted into the same furnace operated under the same operating conditions was applied,

as shown in Figure 3.2. In addition, the reactant, either CH3OH or DMC, was heated

inside the bubbler in the water bath at the same conditions as described in section 3.3.1

and carried by helium gas through the reactor. All effluent gas products from the reactor

were introduced into the gas sampling loop for gas chromatograph analysis with a TCD

and a 3 m. column of 10% SE-30 chromosorb operating at 35°C. The gas chromatograph

(Shimadzu, Model 14-A) was connected to a computer which analyzes the data via the

EZChrom data acquisition program (Shimadzu).
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3.4 Experimental Conditions and Procedures

To synthesize TMOS via the Si02-DMC reaction, Ono [1993] reported that the
effective operating temperature was between 227-327 °C, at a pressure close to

atmospheric pressure. The partial pressure of DMC, evaporated by heating it, was

controlled by adjusting the flow rate of cofeeding helium. Ono et. al. [1993] also

presented the synthesis of TMOS via the Si-CH3OH reaction operated in the range of
260-280 °C. CH3OH was fed by a motor-driven syringe at a rate of 87 mmol/hr with

helium as cofeeding gas.

Since silicon fines contain both Si and Si02, this study attempted to synthesize

TMOS via both the CH3OH and DMC reactions. The direct and side streams of He gas

were adjusted to control the flow rate as well as concentration of reactant, either CH3OH
or DMC. The effective operating pressure for the CH3OH reaction was found to be

slightly higher than the atmospheric pressure(144.7 KPa) while for the DMC reaction the
pressure was close to the atmospheric pressure(101.3 KPa).

3.4.1 Experimental procedure to produce TMOS from CH3OH reaction

Approximately 3.0 g of sample particles impregnated with Cu(jl)C12 were packed

into the tubular flow reactor. All the apparatus connections were set as shown in Figure
3.2 and inspected one by one to prevent the gas for leaking before starting the operation.
Then, N2 was fed to purge all the lines in the reactor system. Next, the reactor was heated
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at a heating rate of 10 °C/min. To obtain highly selective active sites (Cu3Si), the sample

particles were to be pretreated by introducing nitrogen and hydrogen (5 mol%) to the

system [Weber, 1987]. After the pretreatment at 500 °C for 3 hr, the reactor temperature

was dropped to 300 °C at a cooling rate of 10 °C/min. During this cooling down period,

all the reactor inlet and outlet lines were heated in order to prevent any possible gas

condensation.

CH3OH in the water bath was heated to a temperature slightly above the normal

boiling point. When the CH3OH temperature reached 76 °C, helium gas was supplied into

the bubbler at a rate of 10 ml/min in order to carry out CH3OH vapor. In addition, helium

gas from the side stream was supplied and mixed with the CH3OH /helium vapor before

entering the reactor to adjust the molar concentration of CH3OH. To prevent the sample

from reacting with CH3OH vapor while waiting for the reactant flow to get steady, the

CH3OH /helium stream was sent to the by-pass line going out of the system. Once desired

operating conditions were reached, the mixture of CH3OH /helium was introduced into the

reactor to initiate the reaction with sample. Immediately, the effluent gas product was

analyzed automatically every 15 minutes with a gas chromatograph (Shimadzu, Model 14-

A). The operating conditions of the gas chromatograph are shown in Table 3.8.

In addition, the product was condensed in an ice trap, collected for every 10

minutes, and analyzed by the gas chromatograph (Shimadzu, Model 14-A). The analysis

of condensed liquid was carried out after the automatic gas analysis was over. More

details of the operating conditions are shown in Table 3.9. After the reaction was ceased,
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reaction.

Table 3.8 : The operating conditions of the gas chromatograph

Column temperature 35 °C for 5 minutes and 55 °C for 4 minutes
Injection temperature 130 °C
Detector temperature 130 °C
TCD temperature 130 °C
TCD current 100 mA

3.4.2 Experimental procedure to produce TMOS from DMC reaction

Silicon samples of about 3.0 g impregnated with KOH were placed at the center of

the tubular flow reactor. Prior to starting the reaction, all apparatus connections were

inspected and the system was purged by N2 gas. To increase the rate of reaction,

especially in the early stage of the reaction [Ono and Suzuki, 1993], the samples were

heat-treated in N2 stream at 400 °C for 3 hr. The reactor was heated at a heating rate of

10 °C/min. Also, all the inlet and outlet lines of the reactor system were heated for

preventing gas condensation. The operating conditions are presented in Table 3.9.

After the pretreatment period, the reactor was cooled down to a subscribed

reaction temperature at a cooling rate of 10 °C/10 min. During the heat treatment period,

DMC was heated inside the bubbler immersed in the water bath. Helium gas was charged
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directly into DMC when its temperature reached its boiling point. DMC vapor was

carried out by helium gas through the by-pass line connected to the hood until the flow of

reactant became stabilized. As soon as all desired operating conditions were attained, the

DMC/helium mixture was fed into the reactor to start the reaction with sample solids.

The effluent gas and condensate products from the reactor were analyzed in the same way

as for the CH3OH reaction. Finally, the sample was weighed to determine the mass lost in

the reaction.

Table 3.9 : The operating conditions of CH3OH and DMC reaction

Conditions CH3OH Reaction DMC Reaction
Pretreatment temperature 500 °C 400 °C
Pretreated gas N2 + H2 ( 5 mol%)

Water bath temperature 76 °C 93 °C
Reactant temperature 74 °C 91 °C
Direct stream of He flow 10 ml/min 26.1 ml/min
Side-stream of He flow 36.5 ml/min -

Reaction temperature 300 °C 300 °C
Operating pressure 144.7 KPa 101.3 KPa
Inlet temperature to reactor 80 °C 95 °C
Outlet temperature from reactor 130 °C 130 °C
Inlet temperature to EV-91 140 °C 140 °C
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3.4.3 CH3OH and DMC decomposition analysis

It is believed that DMC and CH3OH decompose at high temperature. The thermal
decomposition is suspected to have important effects in this study. Imperatively, the
amount of reactant remaining undissociated needs to be determined so that the reactant
molar concentration can be estimated.

Using the empty tubular reactor, all the operating conditions and procedures for
the CH3OH decomposition study were maintained identical to those described in section
3.4.1. Also, the DMC decomposition study was analyzed using the same procedures
described in section 3.4.2. While CH3OH decomposition was investigated at 300 °C, the
DMC decomposition was measured at 300 °C and 325 °C. Table 3.10 summarizes
operating conditions used for the decomposition study.

Table 3.10 : The operating conditions for CH3OH/DMC decomposition

Conditions DMC reaction CH3OH reaction
Reactor temperature 300 °C and 325 °C 300 °C
Operating pressure 101.3 KPa 144.7 KPa
Direct He flow rate 26.1 ml/min 10 ml/min
Side-stream He flow rate

36.5 ml/min
Average flow of reactant/He 226 mmol/hr 240 mmol/hr
Average molar concentration of reactant 3x10-2 mol/L 2.14x102 mol/L
Inlet temperature to reactor 95 °C 80 °C
Outlet temperature from reactor 130 °C 130 °C
Inlet temperature to EV-91 140 °C 140 °C
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Without programming the column temperature, the outlet gas from the reactor was

analyzed every 5 minute by a gas chromatograph (Shimadzu, Model 14-A) with a 3-m

column of 10%SE-30 chromosorb operated at 35 °C. All operating conditions, except the

column temperature of the gas chromatograph, are the same as those in Table 3.8.
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Chapter 4

Results and Discussion

This chapter is divided into six sections: the decomposition of DMC, the

decomposition of CH3OH, the formation of TMOS from BG, the formation of TMOS

from pure silicon powder, effects of operating conditions on the synthesis of TMOS from

BG via the DMC reaction, and the formation of TMOS from TS and SR.

As mentioned earlier, CH3OH and DMC decompose at high temperature. It is

necessary to predict their amount remaining undissociated, which determines the reactant

concentration. The decomposition of the two is discussed in the first two sections.

Because silicon-fines contain mainly Si, SiO2, and SiC, it is needed to find the

better process, either the CH3OH or DMC reaction, that has higher selectivity of product

and a higher conversion rate of solids. This selection study will be discussed in the last

four sections.

4.1 DMC decomposition

The DMC decomposition was investigated at 300 °C and 325 °C because of the

following two reasons. First, the effective temperature for the gas-solid reaction of silica

with DMC is about 227-327 °C, as reported by Ono et. al.(1992). Second, the thermal

decomposition of DMC is about 4% at 327 °C and 25% at 352 °C [Ono et. al., 1993],

which proceeds as
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(CH3O)2C0 (g) (CH3)2° (g) CO2 (g) (4.1.1)

Based on their work, the experiment for TMOS synthesis in this study was performed in

the range of 250-325 °C. Two temperatures were hence selected for the DMC

decomposition experiment; 300 °C and 325 °C. Helium gas was introduced into DMC in

the bubbler to carry its vapor out at an average DMC/He molar ratio of 3.8 for 300 °C and

3.2 for 325 °C.

The effluent gas from the reactor was directly analyzed by gas chromatography

(Shimadzu, Model 14-A). The analysis of outlet gas obtained from the EZChrom data

acquisition program (Shimadzu) is shown in Figure 4.1. According to the gas

chromatography data, the molar flow rates of DMC and CO2 (one of the two products in

the DMC decomposition), see equation 4.1.1, at 300 °C were determined as shown in

Figure 4.2. The DMC decomposition proceeds at an almost constant level.

The fraction of DMC decomposition at 300 °C was then calculated to be 0.34%.

The DMC decomposition at 325 °C was 0.48%. These results are summarized in

Table 4.1.

Table 4.1 Experimental results of DMC dissociation at 300 °C and 325 °C

Conditions 300 °C 325 °C

*Volumetric flow of He 25 ml/min 25 ml/min

*Average volumetric flow of DMC 92.3 ml/min 77.8 ml/min

Average molar ratio of DMC/He 3.8 3.2

% dissociation by mole 0.34 0.48

*Referred to room temperature.
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Compared to Ono's data at 327 °C, the current result at 325 °C is significantly

lower because of a shorter residence time applied in this study. Based on the small

percentage of DMC decomposition at 300°C and 325 °C, the thermal decomposition

of DMC at temperatures used in this study can be neglected. Because all the conditions

( pressures, temperatures, apparatus materials ) employed in the DMC decomposition

study are identical to those in the experiment for the TMOS synthesis, the amount of

DMC that contacts sample solids is roughly the same as fed into the reactor at any

temperature lower than 325 °C.

4.2 CH3OH decomposition

Since the effective temperature for the Si-CH3OH reaction with Cu(II)C12

as a catalyst is about 200 °C or higher [Ono et. al., 1991], the CH3OH reaction with

silicon fines and pure Si powder was operated at 300 °C. Consequently, the thermal

decomposition of CH3OH was also studied at 300 °C. CH3OH decomposes as

CH3OH (g)

2CH3OH (g)

HCHO (g) + H2 (g)

35

(4.2.1)

CH3CHO + H2O (g) + H2 (g) (4.2.2)

He(1) was introduced into the bubbler to carry CH3OH vapor. Then, He (2) was

added to the CH3OH/He(1) mixture. The average CH3OH/He molar ratio of the gas

entering the reactor was 1.1. In this experiment, the composition of outlet gas was also
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obtained by the gas chromatograph with the EZChrom data acquisition. The gas sampling

loop in the gas analyzer collected the outlet gas every five minutes. Figure 4.3 shows two

peaks of CH3OH and H2 produced in the CH3OH decomposition. Any peaks

corresponding to the other products were not detected, probably because of overlapping

with the CH3OH peak. The molar flow rates of H2 and CH3OH calculated are shown in

Figure 4.4.

The experimental CH3OH decomposition at 300 °C yielded 2.6% (by mole), a

rather small fraction of decomposition due to the short residence time applied. Since all

the conditions ( pressures, temperatures, apparatus materials ) employed were identical to

those in the synthesis of TMOS from the CH3OH reaction, the CH3OH decomposition in

the CH3OH reaction was neglected in this study as long as the molar concentration of

CH3OH available for the TMOS formation reaction was concerned.

4.3 TMOS formation study from BG

4.3.1 CH3OH reaction

Over the period of 5-hr, the outlet gas from the reactor was analyzed by gas

chromatography every fifteen minutes. Figure 4.5 shows one of GC charts obtained when

BG was used for the TMOS formation from CH3OH. There are nine peaks corresponding

to H2, CH3OH, TMS, TMOS, and five unknowns. The TMOS peak is located at 7.3

minute. More details about the unknown peaks will be discussed in section 4.4.
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The color of the condensate collected in the ice trap was light-yellow. It is suggested that

there are some side reactions involved in the CH3OH reaction.

An effort was made to find from which TMOS was obtained, either Si or Si02, in

the CH3OH reaction. 3 g of Si02 beads of about 2 mm diameter, impregnated with

Cu(II)C12, were packed in the reactor. All conditions (pretreatment, reaction temperature,

material) are identical to those of the BG-CH3OH reaction. By analyzing the effluent gas

from the reactor and the condensate in the ice trap, there were no obvious TMOS peak

observed in the GC chart. In addition, there was no change in the mass of Si02 beads

between before and after the reaction. It is hence suggested that only Si in BG was

converted to TMOS and TMS in the reaction with CH3OH. TMOS is the major product

produced from TMS as its intermediate product (see section 4.4 for more details). The

operating conditions and obtained results are summarized in Table 4.2.

4.3.2 DMC reaction

All the operating conditions used for the BG-DMC reaction are also shown in

Table 4.2. Figure 4.6 shows one of GC charts of the effluent gas analysis. The four

peaks correspond to CO/CO2, dimethyl ether, DMC and TMOS. TMOS is the major

product whose peak appears at 7.4 minute. No side reaction occurred in this process

except the formation of a negligibly small amount of by-product (CH3)20 from the DMC

decomposition. Because the peaks of CO, and CO overlapped and could not be

separated, it is difficult to tell which of Si or Si02 reacted to produce TMOS.
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Both Si and SiO2 may have reacted with DMC. Hence, further investigation was

conducted, which will be described later.

As shown in Table 4.2, the total masses of BG lost in both the DMC and CH3OH

reactions are almost identical, although the molar concentration of DMC is lower than that

of CH3OH, which is not sufficient, however, for choosing the effective reaction for BG

based on the above results. Further study to identify which of DMC or CH3OH reactions

is suitable for converting BG will be provided in the next section.

Table 4.2 : Operating conditions for and results from the reaction of BG
with DMC and CH3OH

Conditions DMC reaction CH3OH reaction
Palletization 0.3 g / 9,000 lbf 0.3 g / 15,000 lbf

Pretreatment temperature for 3 hr. 400 °C 500 °C

Gas for pretreatment N2 N2 + H2 ( 5 mol% )

Initial mass of sample 3 g 3 g

Operating pressure 101.3 KPa 144.7 KPa

Reaction temperature 300 °C 300 °C

Operating time 5 hr 5 hr

*Average concentration of reactant 2.9x10-2 mol/L 3.8x10-2 mol/L

Total mass of sample lost 0.21 g 0.20 g

* Calculated based on the total condensate collected in the ice trap during the 5-hr run.
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4.4 TMOS formation from pure silicon powder

The major component of BG is Si (about 52 wt%). It is important to know which

reaction can convert more Si to TMOS. Pure silicon powder (Shin-Etsu Chemical

Company Ltd.) was used as a starting material for both the DMC and CH3OH reactions.

The sample preparation and operating conditions employed were identical so that the only

difference was the reactant, i.e. Si powder instead of BG, for both the either CH3OH or

DMC reaction.

4.4.1 DMC reaction

The reactor outlet gas in the DMC reaction was analyzed by gas chromatography,

which showed the same composition figures as in Figure 4.6. Analyzing the condensate

collected in the ice trap identified TMOS as the only one product. This indicates that Si

can react with DMC with KOH as a catalyst. The total mass of pure Si powder lost in the

5-hr reaction was 0.16 g, corresponding to 5.3 % of silicon. The total amount of TMOS

produced is 4.0x10-3 mole, based on TMOS in the condensate, which is 70% of the

amount of TMOS production estimated based on the Si consumption. The results are

summarized in Table 4.3.

4.4.2 CH3OH reaction

It was found that the mass of pure Si powder reduced by 0.06 g due to the

reaction with CH3OH. Based on the initial mass of pure Si powder, the conversion of Si
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is about 2 %. Furthermore, the total amount of TMOS in the condensate collected in the

ice trap is 1.4x103 mole, corresponding to 65% of the TMOS production based on the Si

consumption. One of GC charts of outlet gas analysis is shown in Figure 4.7. There are

five peaks corresponding to H2, CH3OH, TMS, TMOS, and one unknown. The additional

pieces of information about this reaction are presented in Table 4.3.

Analyzing the condensate collected in the ice trap revealed that TMS was no

longer produced after forty minutes from the beginning of the reaction. Because TMS is

an intermediate product in the Si-CH3OH reaction, it seems that TMS was converted to

TMOS during the course of reaction[Suzuki et. al., 1991]. The rates of TMOS formation

from both the DMC and CH3OH reactions are calculated based on the condensate

analysis, as shown in Figure 4.8. Obviously, the rate of TMOS formation from the DMC

reaction is higher than that from the CH3OH reaction. Table 4.3 shows that the total mass

of Si conversion in the DMC reaction is also greater than that in the CH3OH reaction,

even though the average concentration of CH3OH is slightly higher than that of DMC.

From the composition of outlet gas shown in Figures 4.5 and 4.7, the unknown

peaks, observed in the CH3OH reaction with BG and pure Si powder, are believed to be

chlorine-containing compounds. Chlorine-containing compounds are also found in the

products as impurities when using Cu(I)Cl or Cu(11)C12 as a catalyst [Ono et. al., 1995].

Because TMS was produced in the CH3OH reaction with either pure Si powder or BG

during the first forty minutes, it will be necessary to separate TMS from TMOS in an

actual process. When the CH3OH reaction is employed, it leads to an increase in the cost

of recovery .
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Based on the results described above, it is implied that the DMC reaction is

preferable when converting Si to TMOS is concerned. The DMC reaction can not only

highly consume Si, a major component of BG, but also produce TMOS selectively. In

addition, there are two more advantages of using the DMC reaction for BG over using the

CH3OH reaction. First, chlorine-containing compounds from Cu(II)C12 used as a catalyst

in the CH3OH reaction can cause corrosion, as previously mentioned. Using

KOH as a catalyst in the DMC reaction may be less costly in terms of materials in the

process. Secondly, in addition to Si-DMC reaction, DMC can react with Si02 to produce

TMOS. Hence, both Si and Si02 in BG can be converted to TMOS effectively.

Table 4.3 : Operating conditions and results from the reaction of pure Si powder
with DMC and CH3OH

Conditions DMC reaction CH3OH reaction
Palletization 0.3 g / 3,000 lbf 0.3 g / 3,000 lbf

Pretreatment temperature 400 °C 500 °C

Gas for pretreatment N2 N2

Initial mass of sample 3 g 3 g

Reaction temperature 300 °C 300 °C

Operating pressure 101.3 KPa 144.7 KPa

*Average concentration of reactant 2.8x10-2 mol/L 3.5x10-2 mol/L

*Average molar flow rate of reactant 322.8 mmol/hr 511.6 mmol/hr

Total mass of sample lost 0.16 g 0.06 g
Sample mass conversion 5.3 % 2 %

Total TMOS collected from ice trap 4.0x1e mole 1.4x10-3 mole

* Calculated based on the total condensate collected in the ice trap in the 5-hr run.
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4.5 Synthesis of TMOS from BG via DMC reaction

4.5.1 Effect of temperature

Now that the DMC reaction was found to be more suitable for converting BG

silicon fines, effects of operating conditions on the reaction kinetics were studied. Thus

the reaction of BG with DMC was carried out at different temperatures for 5 hr. In order

to avoid the DMC decomposition during the reaction, the highest temperature applied was

325 °C. Figure 4.9 compares the rates of TMOS formation at four different operating

temperatures. It is indicated that there are two stages in the reaction: the initial and steady

stages. No induction period appeared in the reaction catalyzed by KOH, as evidenced in

Figure 4.9.

In the initial stage, the rate of TMOS formation drastically increased and attained

to a maximum value in a short time. Then, it decreased and reached a relatively constant

value in the steady stage. As shown in Figure 4.9, the maximum rate of TMOS formation

increased with the operating temperature. Also, the TMOS formation in the steady stage

was promoted by an increase in temperature. Therefore, an increase in the operating

temperature significantly enhances the TMOS formation process. Table 4.4 summarizes

the operating conditions and results at four different reaction temperatures.

During the reaction at operating temperatures ranging from 250 °C to 300 °C, the

effluent gas from the reactor was analyzed by gas chromatography every 15 minutes. As

shown in Figure 4.6, there were four peaks corresponding to CO/CO2, dimethyl ether,
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Table 4.4 : The operating conditions and results obtained from BG-DMC reaction at four different reaction temperatures

Conditions 250 °C 275 °C 300 °C 325 °C

1) * The concentration of DMC flow 2.71x1e molt! 2.62x102 mo1/1 2.74x10-2 mo1/1 2.62x10-2 mo1/1

2) * Molar flow rate of DMC 284.9 mmol/hr 271.2 mmol/hr 297.5 mmol/hr 253.7 mmol/hr

3) Mass of sample consumption 0.09 g 0.12 g 0.18 g #N/A

4) Total of TMOS produced 1.7x10-3 mole 2.0x10-3 mole 2.3x10-3 mole 3.8x103 mole

5) TMOS yield 2.7 % 3.3 % 3.6 % 6.1 %

* Referred to room temperature

* Average values over the 5-hr operation

# Due to the formation of carbonaceous materials
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DMC, and TMOS. Hence, it is implied that possible reactions at these temperatures are:

the reactions of DMC with Si and SiO2 and the DMC decomposition.

At 325 °C, the GC analysis of gas collected in the gas sampling loop indicated two

unknown peaks, appearing at 0.4 and 5.6 minute, as shown in Figure 4.10. The color of

BG turned to dark-black after 5-hr. Also, there was no change in the mass of BG between

before and after the reaction. It is suspected that some side reactions took place at

325 °C, leading to the formation of carbonaceous materials.

Since CO /CO2 peaks in the gas chromatography analysis could not be separated, it

is not possible to determine each extent of conversion of Si and SiO2. The TMOS yield

was hence calculated based on the initial total amount of Si and SiO2 in the sample of BG,

as (See Appendix 3).

TMOS yield =
Total moles of TMOS produced

Total initial moles of Si and SiO2

Even though a higher temperature promotes the reaction, leading to a higher

conversion of solids and TMOS yield, the operating temperature at 300 °C should be

selected as the most effective temperature for the DMC reaction. A lower selectivity of

TMOS and more impurities result from 325 °C, which will increase the cost of separation

and process treatment.

At the same concentration but at different temperatures, the temperature

dependency of the reaction rate is often well fitted by the Arrhenius law.

In (ri /rz) (-Ea/R)x( 1 - 1 ) (4.5.1.1)
T2 T1
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where Ea is the apparent activation energy (J/mol), R is the gas constant (8.314 J/mol °K),

and r, is the observed rate of TMOS formation at a reaction temperature.

A plot of ln(r) vs 1/T will give -Ea/R as the slope. Using the data given in Table 4.4,

Figure 4.11 shows the Arrhenius relationship between the rate of TMOS formation and

temperature in the range from 250 °C to 300 °C. Some side reactions taking place at

325 °C may have affected the data at that temperature. An apparent activation energy, Ea,

evaluated for the temperature range of 250 °C to 300 °C is 15.07 KJ/mol. Compared to

the activation energy of 89 KJ/mol for the Si02-DMC reaction reported by Ono [1993],

the current result is lower probably because the solids used in this study contains both Si

and Si02. However, the detail is not clear yet.

4.5.2 Effect of sample amount

The effect of the amount of sample solids on the DMC reaction with BG was

tested at 300 °C. All the operating conditions were kept unchanged, except the initial

mass of BG.

At 300 °C, the two possible main reactions are:

2 (CH3O )2C0 (g) + Si (s)

2 (CH3O )2C0 (g) Si02 (s)

KOH
( CH3O )4Si (g) CO (g) (4.5.2.1)

KOH (CH3O )4Si (g) + CO2 (g) (4.5.2.2)
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For plug flow reactors at steady state, the differential equation of the material balance

based on solid mass is given as

FAO CLXA = r'A dW
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(4.5.2.3)

where FAO is the molar feed rate of reactant A, XA is the conversion of A, and W is the

mass of solid.

Integrating equation 4.5.2.3 with an assumption that r'A is constant, one obtains

FAO

XA

-eA,ave

Using FAO = CAO vo rewrites equation 4.5.2.4 as

(T1) = W
CAO XA

-TA,ave

where 'V is the weight time, based on the weight of solid;

(4.5.2.4)

(4.5.2.5)

CAO is the inlet concentration of A

vo is the volumetric flow rate of the feed

A set of experimental data shown in Table 4.5 was applied to test the relationship,

equation 4.5.2.5, between the initial mass of BG and the molar conversion of DMC, that is

based on the constant rate assumption. Figure 4.12 presents the plot of the initial BG

mass versus the overall molar conversion of DMC.
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Table 4.5 : The overall molar conversion of DMC at 300 °C for 5 hour operation
with the different initial mass of BG.

Initial BG mass (g) DMC conversion (XA)

3 3.45x10-3

6 5.60x10-3

10 0.01

It is implied that the overall molar conversion of DMC is proportional to the initial

mass of BG. Since the conversion of Si and SiO2 in BG is so small, the system can be

considered as a differential flow reactor in the range investigated. However, the rate of

TMOS formation varies with time as well as with the mass of BG, as shown in

Figure 4.13. It is needed to investigate the time variation of TMOS formation, i.e., the

conversion of solids, until all the solid is depleted by the reaction, though it is not included

in this study.

4.6 Synthesis of TMOS from TS or SR via DMC reaction

As previously mentioned in chapter 3, TS contains SiO2 at the highest fraction

among the four types and in SR SiO2 is the major component. Since the use of CH3OH is

not a favorable way to convert SiO2 to TMOS, as described in section 2.3 and 4.3.1, the

DMC reaction with these two was also studied. Using 3 g of TS or SR, the reaction with

DMC was carried out at 300 °C. The operating conditions for both the DMC reactions

with TS and SR are shown in Table 4.6. One of GC charts of outlet gas analysis, obtained
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in the TS-DMC reaction is shown in Figure 4.14. There are four peaks corresponding to

CO/CO2, (CH3)20, DMC, and TMOS.

There was no obvious TMOS peak observed in the GC chart of outlet gas analysis

in the SR-DMC reaction. On the other hand, the analysis of condensate collected in the

ice trap showed the TMOS peak at 7.54 minute, as shown in Figure 4.15. The reason for

this is not clear.

Table 4.6 : Operating conditions for TS-DMC and SR-DMC reactions

Specifications TS-DMC reaction SR-DMC reaction
Catalyst KOH (5 wt%) KOH (5 wt%)
Palletization 0.4 g/12,000 lbf 0.5 g/7,500 lbf
Solvent for contact mass CH3OH CH3OH

Sieve opening 1.168 mm 1.168 mm
Pretreatment temperature 400 °C for 3 hr 400 °C for 3 hr
Gas for pretreatment N2 N2

Reaction temperature 300 °C 300 °C
Operating pressure 101.3 KPa 101.3 KPa
Operating time 4 hr 2 hr
Carrier gas Helium Helium

Based on these results, it is implied that TMOS can also be produced from TS and

SR via the reaction with DMC. It is appropriate to conclude that silicon fines can be

converted into TMOS when DMC is used as a coreactant and KOH as a catalyst.
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Chapter 5

Mass Transfer Limitation Analysis

In the synthesis of TMOS, the mass transfer limitation, one of the most important

factors, may affect on the rate of reaction. Thus, it is necessary to determine which of

mass transfer or chemical kinetics controls BG-DMC reaction. To do this, several

assumptions were made for the following overall reaction.

KO(g) Si (s) SiO2 (s) 2(CH3O)4Si (g) 2CO2 (g) 2C0 (s) (5.1)
(DMC) (TMOS)

At steady state, for forced convection around a solid sphere, kg (the mass transfer

coefficient) may be predicted by [T.H. Chilton and A.P.Colborn, 1934].

kg d

DDMC-He

2.0 + 0.6Re12Sc12 (5.2)(35)

where Re = Reynold number = dup/i.t (5.2.1)

Sc = Schmidt number = p../(pDomc-x.) (5.2.2)

d = diameter of particle (m)

DDMC-He = diffusivity of DMC gas in helium (m2/s)

kg = mass transfer coefficient (m/s)

u = average interstitial velocity of DMC/He gas
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in the packed bed (m/s)

density of particle (kg/m3)

viscosity of DMC/He gas (g)

Generally, the viscosity ofpure gas at low pressure is best estimated by the

corresponding-states method [Thodos et. al., 1961]. The viscosity of DMC-He at the

current conditions is given as

1.1x10-5 N.s /m2

(See Appendix 3 for details)

Furthermore, the diffusion coefficient for a binary mixture of gases DMC and He

may be estimated from the Fuller, Schettler, and Giddings relation [1966]. (See Appendix

3) Thus,

DDMC-He 1.48x104 m2/s

The superficial gas velocity, uo., the volumetric flow rate of gases divided by the

cross-sectional area of empty reactor tube, at 300 °C is 3.6x102 m/s. The average

interstitial gas velocity, u, in the packed bed is then 0.12 m/s, where a bed void fraction of

0.3 has been assumed.

Based on the ideal gas approximation, the gas density (DMC) at 300 °C and 101.3

Kpa is

p 3 kg/m3

Inserting the values of d, u, p, 4, and DDMC-He into equation 5.2.1 and 5.2.2, Re

and Sc can be calculated as:
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Re = (1.168x10-3 m)x(0.12 m/s)x(3 kg/m3)

(1.1x105 N.s/m2)

38.23

Sc = (i. N.s/m)

(3 kg/m3)x(1.48x104 m2/s)

0.025

Therefore, mass transfer coefficient (kg) can be obtained by inserting the values for
Re and Sc into equation 5.2 as:

where

kgx(1.168x103 m)
1.48x10 m2 /s

kg

2 + 0.6x(38.23)12 x(0.025)1

0.39 m3gas /m particle.s

The ratio a of reaction resistance to mass transfer resistance is then

a = ( -robs"')avg x L

kg X Cag,avg

(5.3)(34)

401:1S,aNg
) )

the average observed reaction rate

(mol/m3 particle.$)

Cag = the average molar concentration of DMC

(mol/m3gas)

characteristic length for the spherical solid (m)

R / 3 (5.4)(34)

radius of particles (m)
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Knowing that R = (1.168x10-3)/2 m.,

(1.168x10-3 m)/6

1.95x10-4 m

The average molar concentration of DMC (CAg,avg) at 300 °C is

Cagokvg 27.4 mol/m3

The observed rate based on unit particle volume is given by
)7)

-robs,Avg ( TMOS formation rate )

( M/P )

where M is the mass of sample particles and p is the particle apparent density, 2.21x103

kg/m3, based on a particle volume fraction of 0.85 assumed.

(6.732x10 -6 mol/min)

(1.36x10-6 m3 particle)

8.25x10-2 moVm3particle.s

From equation 5.3,

Fraction of resistance (a) (8.25x10-2 mol/m3 particle.$) x (1.95x104 m)
(0.39 m2gas/mparticle.$) x (27.4 mol/m3)

1.51x10-6

Since the ratio of the two resistance is very small, the film mass transfer limitation
is negligibly small and only chemical kinetics limitation controls this process.
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Chapter 6

TMOS Process

Based on the findings in this study that TMOS can be produced from silicon fines

using the reaction with DMC, this chapter proposes an idea for the process to produce

TMOS from silicon fines, a waste material, as shown in Figure 6.1.

First, silicon fines obtained from the landfill are mixed with a KOH/CH3OH

solution in a stirred tank. The mixture is sent to an extruder which palletizes the mixture.
Next, the pallets are dried in a dryer where a heated-air stream is supplied to evaporate

CH3OH. Then, dried pallets of silicon fines impregnated with KOH are sent to a moving

bed reactor.

DMC vapor, evaporated in a boiler heated with steam, is supplied to the reactor to
react with silicon fines. The pallets of silicon fines are loaded to the top of the reactor,
and move downward as the reaction takes place. Any inerts in silicon fines are discharged

from the reactor with catalyst KOH.

The gas product from the top of the reactor is condensed in a separator where

unreacted DMC and product TMOS are condensed into liquid. The vapor phase

containing small amounts of uncondensed DMC, TMOS, CO, CO2, and ether, produced

as a byproduct, is sent to an incinerator, because it is not economical to recover them.

The unreacted DMC and product TMOS are separated in a distillation column, from
which unreacted DMC vapor is recycled back to the reactor. The CH3OH vapor from the
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dryer, mixed with a heated-air stream, is condensed in a cooling system, and the liquid
CH3OH is sent back to be uses as a solvent for the catalyst impregnation.

Because DMC, TMOS and CH3OH are all toxic chemicals, the air stream from the

dryer needs to be treated even after CH3OH removed. One way is to combine the stream

with the outlet from the separator to be sent to the incineration process. The mixture of
catalyst KOH and inerts needs to be treated to recover KOH.

Even though the purchasing cost of DMC is on the order of $1.00/kg. and that of
TMOS is in the range from $6.00/kg to $20.00/kg, more experimental data and

calculations, ie., the major cost of equipment or manufacturing cost estimation, need to be

investigated further in order to know the possibility of commercializing profitable TMOS

process, which is not included in this study.



Liq. CH3OH

KOH

Air CO, CO2, Ether
--01.Flare

Cooling System
CH3OH Vapor

CH3OH + KOH 5 wt%

Silicon fines

Mixer

Extruder] N. Dryer
Pellets

a heated-air
stream

Gas Products

DMC, TMOS

inerts

DMC Supply DMC Vapor

steamlilt
used steam

DMC

TMOS

owl Washing]

DMC Vapor

Figure 6.1 : The schematic of TMOS process



69

Chapter 7

Conclusions and Recommendations for Future Study

7.1 Conclusions

KOH is useful for catalytically converting both Si and SiO2 with DMC into TMOS

while Cu(II)C12 is useful for converting only Si with CH3OH.

The thermal decomposition of CH3OH at any temperatures below 300 °C and that of

DMC at any temperatures below 325 °C, used in this study, can be neglected.

CH3OH can convert Si, a component of silicon fines, to TMOS as a major product.

TMS is also produced as a minor product only during the beginning stage of reaction.

However, CH3OH can not react with SiO2, another major component. On the other

hand, DMC can convert both Si and Si02 into TMOS without any major byproducts

at temperature below 300 °C.

DMC is more appropriate reactant to utilize silicon fines impregnated with KOH as a

catalyst.

No induction period was observed in the DMC-silicon fines reaction catalyzed by

KOH.

The TMOS formation in the DMC-silicon fines reaction can be divided into two

stages: the initial and steady stages. Side reactions took place at 325 °C, leading to

the formation of undesired by-products. The operating temperature for the DMC

reaction should be lower than 300 °C.
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The overall molar conversion of DMC is proportional to the initial mass of silicon
fines in the range investigated.

The film mass transfer limitation can be neglected in the operating conditions
investigated.

An increase in the operating temperature, in the range from 250 °C to 300 °C,

significantly enhances the TMOS formation process.

7.2 Recommendations for Future Study

The synthesis of TMOS from silicon fines via the reaction with DMC is dependent
on the reaction temperature and sample preparations. Thus, further study is needed in
several areas before this process is considered for its commercialization. Some suggestions
are listed below.

Since the DMC decomposition increases with an increase in the operating temperature,
the kinetic study of DMC decomposition should be done.

The time variation ofTMOS formation, ie., the conversion of solids, until all the solid
is depleted by the reaction, needs to be investigated.

To find a simple kinetics expression for this reaction, the experiment with varying
reactant concentration should be performed.

Further study to find a method to determine the extent of conversion of each Si and
SiO2 in the DMC reaction is needed.
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Appendix 1

Experimental Data and Results of
DMC and CH3OH Decomposition



A.1.1 : The study of Methanol Decomposition at 300 'C

Table A.I.1 : Operating Conditions

Helium flow rate 10 ml/min
He side stream flow 36.5 mIhnin
Bath temperature 76 'C
Initial DMC inside bubbler 90 ml
Final DMC inside bubbler 31 ml

Table A.1.1 :Experimental data (Continue)
Tube No. Time Cond. Liq Liq. mass Gas film flow Me0H flow Me0H flow Me0H gas Me0H + He

(min.) (ml) (g) (ml/min) (mo1/10 min) (mmol/min) ( ml/min) (ml/min)

Waiting 30 9.7 7.28 - - - -
I 5 3.4 2.53 52.6 2.81E-02 2.81 68.63 115.13
2 15 2.5 1.82 50 2.02E-02 2.02 49.37 95.87
3 25 2.45 1.78 50.2 1.98E-02 1.98 48.29 94.79
4 35 3 2.27 51.1 2.52E-02 2.52 61.58 108.08
5 45 2.45 1.81 49.8 2.01E-02 2.01 49.10 95.60
6 55 2.5 1.83 51.1 2.03E-02 2.03 49.64 96.14
7 65 2.4 1.73 50.4 1.92E-02 1.92 46.93 93.43
8 75 2.6 1.89 51.3 2.10E-02 2.10 51.27 97.77
9 85 2.45 1.8 51.7 2.00E-02 2.00 48.83 95.33
10 95 2.7 1.98 50.6 2.20E-02 2.20 53.71 100.21
11 105 2.4 1.74 48 1.93E-02 1.93 47.20 93.70
12 115 2.2 1.58 49 1.75E-02 1.75 42.86 89.36

Purge & EV-91 14.45 -

55.2
Table A.1.1 : Calculation (Continue)

Time H2 area 112 H2 Total 112 Me0H area Me0H Me0H Total Me0H
(min) per 1 cc moi/cc mol/min by graph per 1 cc molkc mol/min by graph

2 1676 1.58E-06 1.81E-04 9.07E-04 355779 8.11E-05 9.33E-03 0.047
8 1593 1.50E-06 1.72E-04 8.62E-04 355827 8.11E-05 9.34E-03 0.047
13 1908 1.79E-06 1.72E-04 8.60E-04 355859 8.11E-05 7.77E-03 0.039
18 2062 1.94E-06 1.86E-04 9.29E-04 355772 8.11E-05 7.77E-03 0.039
23 1887 1.77E-06 1.68E-04 8.41E-04 355696 8.11E-05 7.68E-03 0.038
28 1818 1.71E-06 1.62E-04 8.10E-04 355690 8.11E-05 7.68E-03 0.038
33 1511 1.42E-06 1.53E-04 7.67E-04 355552 8.10E-05 8.76E-03 0.044
38 1312 1.23E-06 1.33E-04 6.66E-04 355568 8.10E-05 8.76E-03 0.044
43 1682 1.58E-06 1.51E-04 7.56E-04 355621 8.10E-05 7.75E-03 0.039
48 1710 1.61E-06 1.54E-04 7.68E-04 355524 8.10E-05 7.75E-03 0.039
53 1580 1.48E-06 1.43E-04 7.14E-04 355651 8.10E-05 7.79E-03 0.039
58 1563 1.47E-06 1.41E-04 7.06E-04 355650 8.10E-05 7.79E-03 0.039
63 1611 1.51E-06 1.41E-04 7.07E-04 355641 8.10E-05 7.57E-03 0.038
68 1557 1.46E-06 137E-04 6.84E-04 355610 8.10E-05 7.57E-03 0.038
73 1438 1.35E-06 1.32E-04 6.61E-04 355722 8.11E-05 7.93E-03 0.040
78 1437 1.35E-06 1.32E-04 6.60E-04 355611 8.10E-05 7.92E-03 0.040
83 1449 1.36E-06 1.30E-04 6.49E-04 355652 8.10E-05 7.73E-03 0.039
88 1442 1.36E-06 1.29E-04 6.46E-04 355552 8.10E-05 7.72E-03 0.039
93 1285 1.21E-06 1.21E-04 6.05E-04 355681 8.11E-05 8.12E-03 0.041
98 1320 1.24E-06 1.24E-04 6.22E-04 355649 8.10E-05 8.12E-03 0.041
103 1417 - 1.33E-06 1.25E-04 6.24E-04 355624 8.10E-05 7.59E-03 0.038
108 1390 1.31E-06 1.22E-04 6.12E-04 355694 8.11E-05 7.59E-03 0.038
113 1354 1.27E-06 1.14E-04 5.69E-04 355652 8.10E-05 7.24E-03 0.036
118 1354 1.27E-06 1.14E-04 5.69E-04 355734 8.11E-05 7.24E-03 0.036

1.72E-02 0.953

77



A.1.2 : The study of Dimethyl Carbonate Decomposition at 300 'C

Table A.I.2 : Operating Conditions

Helium flow rate 25 ml/min
Bath temperature 93 'C
Initial DMC inside bubbler 100 ml
Final DMC inside bubbler 42 ml

Table A.1.2 : Experimantal data (Continue)
Tube No Time Cond. Lig Lig. mass Gas film flow DMC flow DMC flow *DMC gas DMC + He

(min.) (ml) (g) (ml/min) (mo1/10 min) (mmot/min) ( ml/min) (ml/min)

Waiting 80 8.8 9.21 - - - - -
1 5 4 4.03 25.4 4.47E-02 4.47 109.3 134.3
2 15 3.95 4.01 24.1 4.45E-02 4.45 108.8 133.8
3 25 3.5 3.57 24.4 3.96E-02 3.96 96.8 121.8
4 35 3.2 3.2 25.1 3.55E-02 3.55 86.8 111.8
5 45 3.2 3.22 24.6 3.57E-02 3.57 87.3 112.3
6 55 3.15 3.16 24.6 3.51E-02 3.51 85.7 110.7
7 65 3.4 3.41 25,6 3.79E-02 3.79 92.5 117.5
8 75 3.4 3.4 24.2 3.77E-02 3.77 92.2 117.2
9 85 3.1 3.1 25.1 3.44E-02 3.44 84.1 109.1
10 95 3.1 3.09 24.7 3.43E-02 3.43 83.8 108.8
11 105 3.1 3.13 24.4 3.47E-02 3.47 84.9 109.9
12 115 3.45 3.5 27.1 3.89E-02 3.89 94.9 119.9

Purge & EV-91 7.3 -

56.65

Table A.1.2 : Calculation (Continue)

Time CO2 area CO2 CO2 Total CO2 DMC area DMC DMC Total DMC
(min) per 1 cc mol/cc mot/min by graph per 1 cc mol/cc mol/min by graph

5 20292 5.26E-07 7.05E-05 5.29E-04 1487111 1.54E-04 2.07E-02 0.155
12 16948 4.39E-07 5.84E-05 4.38E-04 1574641 1.63E-04 2.17E-02 0.163
18 19777 5.13E-07 6.87E-05 5.15E-04 1477580 1.53E-04 2.06E-02 0.154
25 20253 5.25E-07 6.35E-05 4.77E-04 1467786 1.52E-04 1.84E-02 0.138
32 21561 5.59E-07 6.26E-05 3.13E-04 1446392 1.50E-04 1.68E-02 0.084
39 21896 5.68E-07 6.36E-05 4.77E-04 1420605 1.47E-04 1.65E-02 0.124
45 20255 5.25E-07 5.88E-05 2.94E-04 1458110 1.51E-04 1.70E-02 0.085
53 21332 5.53E-07 6.14E-05 6.14E-04 1434703 1.49E-04 1.65E-02 0.165
61 19861 5.15E-07 6.05E-05 4.54E-04 1443961 1.50E-04 1.76E-02 0.132
67 19082 4.95E-07 5.81E-05 2.91E-04 1458639 1.51E-04 1.78E-02 0.089
74 17889 4.64E-07 5.43E-05 4.07E-04 1480507 1.54E-04 1.80E-02 0.135
81 20049 5.20E-07 5.67E-05 4.25E-04 1439496 1.49E-04 1.63E-02 0.122
87 21261 5.51E-07 6.01E-05 4.51E-04 1415274 1.47E-04 1.60E-02 0.120
96 20566 5.33E-07 5.81E-05 4.36E-04 1427816 1.48E-04 1.62E-02 0.121
103 19703 5.11E-07 5.62E-05 4.21E-04 1432411 1.49E-04 1.64E-02 0.123

412= 21025 5.45E-07 6.54E-05 8.18E-04 1413552 1.47E-04 1.76E-02 0.220
7.36E-03 2.131
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A.13 : The study of Dimethyl Carbonate Decomposition at 325 C

Table A.13 : Operating Conditions

Helium flow rate 25 mlimin

Bath temperature 93 'C

Initial DMC inside bubbler 110 ml

Final DMC inside bubbler 54 ml

Table A.1.3 : Experimantal data (Continue)

Tube No. Time Cond. Liq Liq. mass Gas film flow DMC flow DMC flow *DMC gas DMC + He
(min.) (ml) (g) (mlimin) (moVIO min) (mmolimin) ( mlimin) (mlimin)

Waiting 80 12.45 13 .. - - - -

1 5 3.3 3.28 25.8 3.64E-02 3.64 88.98 114.98

2 15 3.2 3.17 25.5 3.52E-02 3.52 85.99 111.99

3 25 2.45 2.41 27.4 2.68E-02 2.68 65.38 91.38
4 35 2.5 2.45 24.4 2.72E-02 2.72 66.46 92.46
5 45 3.5 3.52 26.3 3.91E-02 3.91 95.49 121.49

6 55 3.2 3.18 25 3.53E-02 3.53 86.26 112.26

7 65 2.9 2.89 26.2 3.21E-02 3.21 78.40 104.40

8 75 2.7 2.65 24 2.94E-02 2.94 71.89 97.89

9 85 2.7 2.71 26.9 3.01E-02 3.01 73.51 99.51

10 95 2.4 2.32 26.2 2.58E-02 2.58 62.93 88.93

11 105 2.55 2.53 28.2 2.81E-02 2.81 68.63 94.63

12 115 3.3 3.3 27.3 3.66E-02 3.66 89.52 115.52

Purge & EV-91 7.8 -

54.95

Table A.1.3 : Calculation (Continue)

Time CO2 area CO2 CO2 Total CO2 DMC area DMC DMC Total DMC
(min) per 1 cc malice mot/min by graph per I cc molice mot/min by graph

2 32029 8.30E-07 9.55E-05 4.78E-04 1406091 1.46E-04 1.68E-02 0.084

8 26431 6.85E-07 7.88E-05 5.91E-04 1466826 1.52E-04 1.75E-02 0.131

15 25328 6.57E-07 7.36E-05 5.52E-04 1469579 1.53E-04 1.71E-02 0.128

23 32967 8.55E-07 7.81E-05 3.91E-04 1312191 1.36E-04 1.25E-02 0.062
30 33904 8.79E-07 8.13E-05 8.13E-04 1301447 1.35E-04 1.25E-02 0.125
37 25666 6.66E-07 6.16E-05 3.08E-04 1342863 1.39E-04 1.29E-02 0.064
44 18656 4.84E-07 5.88E-05 4.41E-04 1480570 1.54E-04 1.87E-02 0.140
52 22976 5.96E-07 6.67E-05 5.00E-04 1475399 1.53E-04 1.72E-02 0.129

59 29012 7.52E-07 8.43E-05 6.32E-04 1358716 1.41E-04 1.58E-02 0.118
66 29118 7.55E-07 7.85E-05 5.89E-04 1366045 1.42E-04 1.47E-02 0.111

73 25091 6.51E-07 6.38E-05 4.78E-04 1419193 1.47E-04 1.44E-02 0.108
80 26440 6.86E-07 6.82E-05 3.41E-04 1441268 1.50E-04 1.49E-02 0.074
87 28253 7.33E-07 7.29E-05 5.47E-04 1339318 1.39E-04 1.38E-02 0.104

94 32478 8.42E-07 7.49E-05 5.65E-04 1267641 1.32E-04 1.17E-02 0.088
102 29887 7.75E-07 7.33E-05 7.33E-04 1324952 1.38E-04 1.30E-02 0.130
111 22678 5.88E-07 6.79E-05 8.49E-04 1436292 1.49E-04 1.72E-02 0.215

8.81E-03 1.813
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Appendix 2

Experimental Data and Results of TMOS Process



Table A.2.1: Experimental results (Continue)

81

Tube No. Avg. time Mass (g) Cond. Liq. Gas flow TMOS Avg. Rate of TMOS Rate
(min) Vol. (m1) (ml/min) (mole/10 min) formation (mole/min) (mmol/min)

1 5 1.8 2.4 60.9 2.2E-05 2.2E-06 2.2E-03
2 15 1.97 2.6 60.3 2.6E-05 2.6E-06 2.6E-03
3 25 1.99 2.7 57.1 1.6E-05 1.6E-06 1.6E-03
4 35 1.63 2.3 56.6 1.5E-05 1.5E-06 1.5E-03
5 45 1.92 2.6 59.4 1.5E-05 1.5E-06 1.5E-03
6 55 1.99 2.7 59.4 2.0E-05 2.0E-06 2.0E-03
7 65 1.98 2.7 58.8 1.7E-05 1.7E-06 1.7E-03
8 75 1.94 2.6 56.9 1.5E-05 1.5E-06 1.5E-03
9 85 1.91 2.6 58.3 1.5E-05 1.5E-06 1.5E-03
10 95 1.93 2.6 57.4 1.4E-05 1.4E-06 1.4E-03
11 105 1.88 2.5 57.1 1.3E-05 1.3E-06 1.3E-03
12 115 1.91 2.6 58.0 1.3E-05 1.3E-06 1.3E-03
13 125 1.82 2.5 58.0 1.5E-05 1.5E-06 1.5E-03
14 135 1.85 2.5 58.0 1.4E-05 1.4E-06 1.4E-03
15 145 1.79 2.4 57.4 1.3E-05 1.3E-06 1.3E-03
16 155 1.91 2.6 57.4 1.2E-05 1.2E-06 1.2E-03
17 165 1.88 2.5 57.7 1.2E-05 1.2E-06 1.2E-03
18 175 1.87 2.5 58.3 1.2E-05 1.2E-06 1.2E-03
19 185 1.87 2.5 57.70 1.2E-05 1.2E-06 1.2E-03
20 195 1.84 2.5 57.7 1.2E-05 1.2E-06 1.2E-03
21 205 1.6 2.2 56.1 1.1E-05 1.1E-06 1.1E-03
22 215 1.81 2.4 64.5 1.1E-05 1.1E-06 1.1E-03
23 225 1.82 2.5 64.5 1.2E-05 1.2E-06 1.2E-03
24 235 1.86 2.5 65.6 1.2E-05 1.2E-06 1.2E-03
25 245 1.88 2.5 64.5 1.2E-05 1.2E-06 1.2E-03
26 255 1.83 2.5 64.9 1.2E-05 1.2E-06 1.2E-03
27 265 1.79 2.4 64.2 1.1E-05 1.1E-06 1.1E-03
28 275 1.83 2.5 65.2 1.2E-05 1.2E-06 1.2E-03
29 285 1.83 2.5 64.5 1.2E-05 1.2E-06 1.2E-03
30 295 1.66 2.3 63.8 1.1E-05 1.1E-06 1.1E-03

Total 4.21E-04
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Table A.2.1 : Experimental results (Continue)

Tube Mole of TMOS Unreacted Me0H Mole Me0H reacted Total Me0H flow Total Me0H flow
(mol in10 min) (mol in 10 min) (mol in 10 min.) (mol in 10 min) (mmol/min)

1 2.16E-05 5.61E-02 8.66E-05 5.62E-02 5.62
2 2.60E-05 6.14E-02 1.04E-04 - 6.15E-02 6.15
3 1.63E-05 6.21E-02 6.51E-05 6.22E-02 6.22
4 1.51E-05 5.09E-02 6.03E-05 5.09E-02 5.09
5 1.50E-05 5.99E-02 6.01E-05 6.00E-02 6.00
6 2.01E-05 6.21E-02 8.03E-05 6.22E-02 6.22
7 1.67E-05 6.18E-02 6.68E-05 6.19E-02 6.19
8 1.53E-05 6.06E-02 6.11E-05 6.06E-02 6.06
9 1.53E-05 5.96E-02 6.10E-05 5.97E-02 5.97
10 1.41E-05 6.02E-02 5.65E-05 6.03E-02 6.03
11 1.31E-05 5.87E-02 5.25E-05 5.87E-02 5.87
12 1.32E-05 5.96E-02 5.26E-05 5.97E-02 5.97
13 1.54E-05 5.68E-02 6.17E-05 5.69E-02 5.69
14 1.36E-05 5.77E-02 5.43E-05 5.78E-02 5.78
15 1.31E-05 5.59E-02 5.22E-05 5.59E-02 5.59
16 1.25E-05 5.96E-02 5.00E-05 5.97E-02 5.97
17 1.21E-05 5.87E-02 4.83E-05 5.87E-02 5.87
18 1.20E-05 5.84E-02 4.78E-05 5.84E-02 5.84
19 1.20E-05 5.84E-02 4.80E-05 5.84E-02 5.84
20 1.20E-05 5.74E-02 4.79E-05 5.75E-02 5.75
21 1.06E-05 4.99E-02 4.22E-05 5.00E-02 5.00
22 1.14E-05 5.65E-02 4.56E-05 5.66E-02 5.66
23 1.21E-05 5.68E-02 4.83E-05 5.69E-02 5.69
24 1.21E-05 5.81E-02 4.86E-05 5.81E-02 5.81
25 1.19E-05 5.87E-02 4.75E-05 5.87E-02 5.87
26 1.21E-05 5.71E-02 4.82E-05 5.72E-02 5.72
27 1.14E-05 5.59E-02 4.58E-05 5.59E-02 5.59
28 1.21E-05 5.71E-02 4.85E-05 5.72E-02 5.72
29 1.20E-05 5.71E-02 4.81E-05 5.72E-02 5.72
30 1.11E-05 5.18E-02 4.44E-05 5.19E-02 5.19

173.69

Average Me01 -1 flow 37*
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Table A.2.1 : Experimental results (Continue)

Tube Mole of TMOS Unreacted Me0H Mole Me0H reacted Total Me0H flow Total Me0H flow
(mol ln10 min) (mol in 10 min) (mol in 10 min.) (mol in 10 min) (mmol/min)

1 2.16E-05 5.61E-02 8.66E-05 5.62E-02 5.622 2.60E-05 6.14E-02 1.04E-04 6.15E-02 6.15
3 1.63E-05 6.21E-02 6.51E-05 6.22E-02 6.224 1.51E-05 5.09E-02 6.03E-05 5.09E-02 5.095 1.50E-05 5.99E-02 6.01E-05 6.00E-02 6.006 2.01E-05 6.21E-02 8.03E-05 6.22E-02 6.227 1.67E-05 6.18E-02 6.68E-05 6.19E-02 6.198 1.53E-05 6.06E-02 6.11E-05 6.06E-02 6.069 1.53E-05 5.96E-02 6.10E-05 5.97E-02 5.9710 1.41E-05 6.02E-02 5.65E-05 6.03E-02 6.03

11 1.31E-05 5.87E-02 5.25E-05 5.87E-02 5.8712 1.32E-05 5.96E-02 5.26E-05 5.97E-02 5.97
13 1.54E-05 5.68E-02 6.17E-05 5.69E-02 5.6914 136E-05 5.77E-02 5.43E-05 5.78E-02 5.78
15 1.31E-05 5.59E-02 5.22E-05 5.59E-02 5.5916 1.25E-05 5.96E-02 5.00E-05 5.97E-02 5.97
17 1.21E-05 5.87E -02 4.83E-05 5.87E-02 5.87
18 1.20E-05 5.84E-02 4.78E-05 5.84E-02 5.84
19 1.20E-05 5.84E-02 4.80E-05 5.84E-02 5.84

- 20 1.20E-05 5.74E-02 4.79E-05 5.75E-02 5.7521 1.06E-05 4.99E-02 4.22E-05 5.00E-02 5.0022 1.14E-05 5.65E-02 4.56E-05 5.66E-02 5.6623 1.21E-05 5.68E-02 4.83E-05 5.69E-02 5.6924 1.21E-05 5.81E-02 4.86E-05 5.81E-02 5.8125 1.19E-05 5.87E-02 4.75E-05 5.87E-02 5.8726 1.21E-05 5.71E-02 4.82E-05 5.72E-02 5.7227 1.14E-05 5.59E-02 4.58E-05 5.59E-02 5.5928 1.21E-05 5.71E-02 4.85E-05 5.72E-02 5.7229 1.20E-05 5.71E-02 4.81E-05 5.72E-02 5.7230 1.11E-05 5.18E-02 4.44E-05 5.19E-02 5.19
173.69

Avenge Me0H now 5 '79
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A.2.2 : BG-DMC reaction in presence of KOH (5 wt%) as a catalyst at 300 'C

Table A.2.2 : BG Composition

SI Si02 SiC
Composition (wt%) 52.52 10.91 36.56

Component of BG 3 g. 1.6 0.3 1.1

Table A.2.2 : Operating Conditions (Continue)

Pretreatment 400 f for 3 hr. in N2
Bath temperature 93 r
die flow rate 26 ml/min
Initial BG mass 3 g.

Final BG mass 2.82 g.

Table A.2.2 : Experimental results (Continue)

Cond. Lig. Mass Vol of 14 GC Moles Cond. Liq. Total TMOS Mass TMOS Mass DMC Mole DMC
No. (g) (uL) Area '104-7 vol. (ml) per 10 min. per 10 min. unreacted unreacted

(mol) (g) (g) (mole)
1 2.48 5 1865.20 2.01 2.50 1.00E-04 1.53E-02 2.46 2.74E-02
2 3.94 5 1089.60 1.46 3.90 1.14E-04 1.74E-02 3.92 4.35E-02
3 4.01 5 98830 1.39 3.90 1.09E-04 1.65E-02 3.99 4.43E-02
4 3.61 5 864.30 1.31 3.60 9.41E-05 1.43E-02 3.60 3.99E-02
5 3.89 5 634.30 1.15 3.90 8.94E-05 136E-02 3.88 4.30E-02
6 4.11 5 617.40 1.13 4.00 9.07E-05 138E-02 4.10 4.55E-02
7 3.53 5 670.00 1.17 3.50 8.20E-05 1.25E-02 3.52 3.90E-02
8 3.15 5 722.20 1.21 3.10 7.49E-05 1.14E-02 3.14 3.48E-02
9 3.13 5 589.68 1.11 3.10 6.91E-05 1.05E-02 3.12 3.46E-02
10 3.06 5 334.40 0.94 3.00 5.62E-05 8.55E-03 3.05 339E-02
11 3.65 5 268.80 0.89 3.60 6.41E-05 9.75E-03 3.64 4.04E-02
12 4.28 5 223.50 0.86 4.20 7.21E-05 1.10E-02 4.27 4.74E-02
13 3.75 5 212.80 0.85 3.70 6.30E-05 9.58E-03 3.74 4.15E-02
14 3.66 5 240.80 0.87 3.60 6.27E-05 9.54E-03 3.65 4.05E-02
15 3.59 5 151.40 0.81 3.50 5.65E-05 8.61E-03 3.58 3.98E-02
16 3.59 5 79.50 0.76 3.50 5.30E-05 8.07E-03 3.58 3.98E-02
17 3.62 5 132.80 0.79 3.55 5.64E-05 8.59E-03 3.61 4.01E-02
18 3.84 5 169.00 0.82 3.80 6.23E-05 9.49E-03 3.83 4.25E-02
19 3.39 5 169.00 0.82 3.30 5.41E-05 8.24E-03 3.38 3.75E-02
20 3.62 5 .129.50 0.79 3.55 5.63E-05 8.56E-03 3.61 4.01E-02
21 3.23 5 281.90 0.90 3.20 5.75E-05 8.76E-03 3.22 3.58E-02
22 3.33 5 166.50 0.82 3.30 5.40E-05 8.22E-03 3.32 3.69E-02
23 3.99 5 136.50 0.80 3.90 6.22E-05 9.47E-03 3.98 4.42E-02
24 3.14 5 186.00 0.83 3.10 5.16E-05 7.85E-03 3.13 3.48E-02
25 3.11 5 160.00 0.81 3.10 5.05E-05 7.68E-03 3.10 3.44E-02
26 3.89 5 134.10 0.80 3.80 6.05E-05 9.20E-03 3.88 4.31E-02
27 3.12 5 112.10 0.78 3.10 4.84E-05 7.36E-03 3.11 3.46E-02
28 2.88 5 197.00 0.84 2.90 4.87E-05 7.41E-03 2.87 3.19E-02
29 3.41 5 135.20 0.80 3.40 5.42E-05 8.24E-03 3.40 3.78E-02
30 3.19 5 161.00 0.81 3.20 5.21E-05 7.93E-03 3.18 3.53E-02

EV-91 13.98 5 159.50 0.81 14.50 2.36E-04 - - -

2.16E 03:
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Table A.2.2 : Experimental results (Continue)

Tube No. Avg. time Mass Collecting ' Gas film flow Total TMOS Avg. Rate of TMOS Rate(min) (g) Vol. (ml) (ml/min) in periods formation (mole/ min) (mmol/min)
1 5 2.48 2.50 31.8 1.00E-04 1.00E-05 1.00E-022 15 3.94 3.90 33.4 1.14E-04 1.14E-05 1.14E-023 25 4.01 3.90 30.2 1.09E-04 1.09E-05 1.09E-024 35 3.61 3.60 29.6 9.41E-05 9.41E-06 9.41E-035 45 3.89 3.90 31.0 8.94E-05 8.94E-06 8.94E-036 55 4.11 4.00 29.6 9.07E-05 9.07E-06 9.07E-037 65 3.53 3.50 26.8 8.20E-05 8.20E-06 8.20E-038 75 3.15 3.10 30.3 7.49E-05 7.49E-06 7.49E-039 85 3.13 3.10 32.0 6.91E-05 6.91E-06 6.91E-0310 95 3.06 3.00 30.8 5.62E-05 5.62E-06 5.62E-0311 105 3.65 3.60 30.0 6.41E-05 6.41E-06 6.41E-0312 115 4.28 4.20 29.9 7.21E-05 7.21E-06 7.21E-0313 125 3.75

-
3.70 28.5 6.30E-05 6.30E-06 6.30E-0314 135 3.66 3.60 30.2 6.27E-05 6.27E-06 6.27E-03

15 145 3.59 3.50 29.7 5.65E-05 5.65E-06 5.65E-0316 155 3.59 3.50 30.5 5.30E-05 5.30E-06 5.30E-0317 165 3.62 3.55 29.9 5.64E-05 5.64E-06 5.64E-0318 175 3.84 3.80 30.9 6.23E-05 6.23E-06 6.23E-0319 185 3.39 3.30 28.8 5.41E-05 5.41E-06 5.41E-0320 195 3.62 3.55 32.6 5.63E-05 5.63E-06 5.63E-0321 205 3.23 3.20 32.0 5.75E-05 5.75E-06 5.75E-0322 215 3.33 3.30 32.4 5.40E-05 5.40E-06 5.40E-0323 225 3.99 3.90 31.0 6.22E-05 6.22E-06 6.22E-0324 235 3.14 3.10 29.6 5.16E-05 5.16E-06 5.16E-0325 245 3.11 3.10 33.0 5.05E-05 5.05E-06 5.05E-0326 255 3.89 3.80 32.3 6.05E-05 6.05E-06 6.05E-0327 265 3.12 3.10 30.2 4.84E-05 4.84E-06 4.84E-0328 275 2.88 2.90 33.6 4.87E-05 4.87E-06 4.87E-0329 285 3.41 3.40 34.9 5.42E-05 5.42E-06 5.42E-0330 295 3.19 3.20 31.0 5.21E-05 5.21E-06 5.21E-03Waiting - - 17.10 - -

120.90 2.02E-03
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Table A.2.2 : Experimental results (Continue)

Tube Mole of TMOS Unreacted DMC Mole DMC reacted Total DMC flow Total DMC flow
(mol in 10 min) (mol in 10 min) (mol in 10 min.) (mol in 10 min) (mmol/min)

1 1.00E-04 2.74E-02 2.01E-04 2.76E-02 2.76
2 1.14E-04 4.35E-02 2.28E-04 4.38E-02 4.38
3 1.09E-04 4.43E-02 2.17E-04 4.45E-02 4.45
4 9.41E-05 3.99E-02 1.88E-04 4.01E-02 4.01
5 8.94E-05 4.30E-02 1.79E-04 4.32E-02 4.32
6 9.07E-05 4.55E-02 1.81E-04 4.57E-02 4.57
7 8.20E-05 3.90E-02

-
1.64E-04 3.92E-02 3.92

8 7.49E-05 3.48E-02 1.50E-04 3.50E-02 3.50
9 6.91E-05 3.46E-02 1.38E-04 3.48E-02 3.48
10 5.62E-05 3.39E-02 1.12E-04 3.40E-02 3.40
11 6.41E-05 4.04E-02 1.28E-04 4.05E-02 4.05
12 7.21E-05 4.74E-02 1.44E-04 4.75E-02 4.75
13 6.30E-05 4.15E-02 1.26E-04 4.16E-02 4.16
14 6.27E-05 4.05E-02 1.25E-04 4.06E-02 4.06
15 5.65E-05 3.98E-02

-
1.13E-04 3.99E-02 3.99

16 5.30E-05 3.98E-02
-

1.06E-04 3.99E-02 3.99
17 5.64E-05 4.01E-02 1.13E-04 4.02E-02 4.02
18 6.23E-05 4.25E-02 1.25E-04 4.26E-02 4.26
19 5.41E-05 3.75E-02 1.08E-04 - 3.77E-02 3.77
20 5.63E-05 4.01E-02 1.13E-04 4.02E-02 4.02
21 5.75E-05 3.58E-02 1.15E-04 3.59E-02 3.59
22 5.40E-05 3.69E-02 1.08E-04 3.70E-02 3.70
23 6.22E-05 4.42E-02 1.24E-04 4.43E-02 4.43
24 5.16E-05 3.48E-02 1.03E-04

-.. 3.49E-02 3.49
25 5.05E-05 3.44E-02 1.01E-04 3.45E-02 3.45
26 6.05E-05 4.31E-02 1.21E-04 4.32E-02 4.32
27 4.84E-05 3.46E-02 9.68E-05 3.47E-02 3.47
28 4.87E-05 3.19E-02 9.74E-05 3.20E-02 3.20
29 5.42E-05 3.78E-02 1.08E-04 3.79E-02 3.79
30 5.21E-05 3.53E-02 1.04E-04 3.54E-02 3.54

116.84

Average DMC flow 3.89



87

A.2.3 : Pure Si powder-CH3OH reaction in a presence of CuC12 (5 wt%) as a catalyst
at 300 'C

Table A.2.3 : BG Composition

Si 5102 SiC
Composition (wt%) 100 0 0

Component of BG 3 g. 3.0 0.0 0.0

Table A.2.3 : Operating Conditions (Continue)

Pretreatment 500 'C for 3 hr. in N2+H2

Bath temperature 76 'C
He flow rate 10 ml/min
He side stream 38 ml/min
Initial BG mass 3 g.

Final BG mass 2.94 g.

Table k2.3 : Experimental results (Continue)

Cond. Liq. Vol of Inj. Mass GC Moles Cond. Liq. Total TMOS Mass TMOS Mass Me0H Mole Me0H
Tube No. (uL) (g) Area 10 " -7 vol. (ml) per 10 mins in 10 min. unreacted unreacted

(mole) (g) (g)
1 2 1.76 4164.00 1.6331 2.40 1.96E-04 2.98E-02 1.73 5.41E-02
2 4 2.03 674.25 0.4622 2.70 3.12E-05 4.75E-03 2.03 6.33E-02
3 4 1.85 969.00 0.5611 2.50 3.51E-05 5.34E-03 1.84 5.76E-02
4 4 1.8 913.00 0.5423 2.50 3.39E-05 5.16E-03 1.79 5.61E-02
5 4 1.88 729.75 0.4808 2.50 3.01E-05 4.57E-03 1.88 5.86E-02
6 4 1.96 804.00 0.5057 2.60 3.29E-05 5.00E-03 1.95 6.11E-02
7 4 1.81 685.75 0.4661 2.50 2.91E-05 4.43E-03 1.81 5.64E-02
8 4 1.77 711.00 0.4745 2.40 2.85E-05 4.33E-03 1.77 5.52E-02
9 4 1.76 686.75 0.4664 2.40 2.80E-05 4.26E-03 1.76 5.49E-02
10 4 1.82 676.25 0.4629 2.50 2.89E-05 4.40E-03 1.82 5.67E-02
11 4 1.84 706.75 0.4731 2.50 2.96E-05 4.50E-03 1.84 5.74E-02
12 4 1.84 996.00 0.5702 2.50 3.56E-05 5.42E-03 1.83 5.73E-02
13 4 1.86 852.00 0.5219 2.50 3.26E-05 4.96E-03 1.86 5.80E-02
14 4 1.86 948.25 0.5541 2.50 3.46E-05 5.27E-03 1.85 5.80E-02
15 4 1.86 1012.50 0.5757 2.50 3.60E-05 5.48E-03 1.85 5.80E-02
16 4 1.85 1055.50 0.5901 2.50 3.69E-05 5.61E-03 1.84 5.76E-02
17 4 1.9 1112.25 0.6092 2.60 3.96E-05 6.03E-03 1.89 5.92E-02
18 4 1.77 1052.50 0.5891 2.40 3.53E-05 5.38E-03 1.76 5.51E-02
19 4 1.63 1072.50 0.5958 2.00 2.98E-05 4.53E-03 1.63 5.08E-02
20 4 1.82 965.75

,..
0.5600 2.50 3.50E-05 5.33E-03 1.81 5.67E-02

21 4 1.83 1060.25 0.5917 2.50 3.70E-05 5.63E-03 1.82 5.70E-02
22 4 1.85 1050.25 0.5884 2.50 3.68E-05 5.60E-03 1.84 5.76E-02
23 4 1.83 989.25 0.5679 2.50 3.55E-05 5.40E-03 1.82 5.70E-02
24 4 1.82 965.50 0.5599 2.50 3.50E-05 5.33E-03 1.81 5.67E-02
25 4 1.78 1116.50 0.6106 2.45 3.74E-05 5.69E-03 1.77 5.54E-02
26 4 1.76 993.00 0.5692 2.40 3.41E-05 5.20E-03 1.75 5.48E-02
27 4 1.71 805.00 0.5061 2.30 2.91E-05 4.43E-03 1.71 5.33E-02
28 4 1.78 970.25 0.5615 2.40 3.37E-05 5.13E-03 1.77 5.55E-02
29 4 1.8 818.25 0.5105 2.45 3.13E-05 4.76E-03 1.80 5.61E-02
30 4 1.75 924.75 0.5463 2.40 3.28E-05 4.99E-03 1.75 5.45E-02

PURGE 4 3.04 937.00 0.5504 4.00 5.50E-05
EV-91 4 11.45 417.50 0.3761 15.50 1.46E-04
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Table A.2.3 : Experimental results (Continue)

Tube No. Avg. time Mass (g) Collecting Gas flow TMOS Avg. Rate of TMOS Rate
(min) Vol. (ml) (ml /min) (mole/10 min) formation (mole/min) (mmolImin)

1 5 1.76 2.4 58.5 1.96E-04 2.0E-05 1.96E-02
2 15 2.03 2.70 56.0

-
3.12E-05 3.1E-06 3.12E-03

3 25 1.85 2.50 54.5 3.51E-05 3.5E-06 3.51E-03
4 35 1.8 2.50 55.6 3.39E-05 3.4E-06 3.39E-03
5 45 1.88 2.50 56.1 3.01E-05 3.0E-06 3.01E-03
6 55 1.96 2.60 58.0 3.29E-05 3.3E-06 3.29E-03
7 65 1.81 2.50 59.4 2.91E-05 2.9E-06 2.91E-03
8 75 1.77 2.40 60.0 2.85E-05 2.8E-06 2.85E-03
9 85 1.76 2.40 53.4 2.80E-05 2.8E-06 2.80E-03
10 95 1.82 2.50 59.7 2.89E-05 2.9E-06 2.89E-03
11 105 1.84 2.50 60.0 2.96E-05 3.0E-06 2.96E-03
12 115 1.84 2.50 59.7 3.56E-05 3.6E-06 3.56E-03
13 125 1.86 2.50 60.0

-
3.26E-05 3.3E-06 3.26E-03

14 135 1.86 2.50 60.3 3.46E-05 3.5E-06 3.46E-03
15 145 1.86 2.50 57.1 3.60E-05 3.6E-06 3.60E-03
16 155 1.85 2.50 60.6 3.69E-05 3.7E-06 3.69E-03
17 165 1.9 2.6 60.3 3.96E-05 4.0E-06 3.96E-03
18 175 1.77 2.4 62.8 3.53E-05 3.5E-06 3.53E-03
19 185 1.63 2 62.20 2.98E-05 3.0E-06 2.98E-03
20 195 1.82 2.5 63.2 3.50E-05 3.5E-06 3.50E-03
21 205 1.83 2.5 62.2 3.70E-05 3.7E-06 3.70E-03
22 215 1.85 2.5 61.9 3.68E-05 3.7E-06 3.68E-03
23 225 1.83 2.5 61.5 3.55E-05 3.5E-06 3.55E-03
24 235 1.82 2.5 61.2 3.50E-05 3.5E-06 3.50E-03
25 245 1.78 2.45 61.5 3.74E-05 3.7E-06 3.74E-03
26 255 1.76 2.4 61.2

.
3.41E-05 3.4E-06 3.41E-03

27 265 1.71 2.3 60.3 2.91E-05 2.9E-06 2.91E-03
28 275 1.78 2.4 60.3 3.37E-05 3.4E-06 3.37E-03
29 285 1.8 2.45 60 3.13E-05 3.1E-06 3.13E-03
30 295 1.75 2.4 61.9 3.28E-05 3.3E-06 3.28E-03-

PURGE - 3.04 4.0 - 5.50E-05
EV-91 - 11.45 15.5 - 1.46E-04

136E-03
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Table A.2.3 : Experimental results (Continue)

Tube Mole of TMOS Unreacted Me0H Mole Me0H reacted Total Me0H flow Total Me0H flow
(mol in10 min) (mol in 10 min) (mol in 10 min.) (mol in 10 min) (mmol/min)

1 1.96E-04 5.41E-02 7.84E-04 5.49E-02 5.49

2 3.12E-05 6.33E-02 1.25E-04 6.34E-02 6.34

3 3.51E-05 5.76E-02 1.40E-04 5.78E-02 5.78

4 3.39E-05 5.61E-02 1.36E-04 5.62E-02 5.62

5 3.01E-05 5.86E-02 1.20E-04 5.87E-02 5.87

6 3.29E-05 6.11E-02 1.31E-04 6.12E-02 6.12
7 2.91E-05 5.64E-02 1.17E-04 5.65E-02 5.65
8 2.85E-05 5.52E-02 1.14E-04 5.53E-02 5.53

9 2.80E-05 5.49E-02 1.12E-04 5.50E-02 5.50
10 2.89E-05 5.67E-02 1.16E-04 5.69E-02 5.69

11 2.96E-05 5.74E-02 1.18E-04 5.75E-02 5.75

12 3.56E-05 5.73E-02 1.43E-04 5.75E-02 5.75

13 3.26E-05 5.80E-02 1.30E-04 5.81E-02 5.81

14 3.46E-05 5.80E-02 1.39E-04 5.81E-02 5.81

15 3.60E-05 5.80E-02 1.44E-04 5.81E-02 5.81

16 3.69E-05 5.76E-02 1.48E-04 5.78E-02 5.78

17 3.96E-05 5.92E-02 1.58E-04 5.93E-02 5.93

18 3.53E-05 5.51E-02 1.41E-04 5.53E-02 5.53

19 2.98E-05 5.08E-02 1.19E-04 5.09E-02 5.09

20 3.50E-05 5.67E-02 1.40E-04 5.68E-02 5.68
21 3.70E-05 5.70E-02 1.48E-04 5.72E-02 5.72
22 3.68E-05 5.76E-02 1.47E-04 5.78E-02 5.78

23 3.55E-05 5.70E-02 1.42E-04 5.72E-02 5.72
24 3.50E-05 5.67E-02 1.40E-04 5.68E-02 5.68

25 3.74E-05 5.54E-02 1.50E-04 5.56E-02 5.56

26 3.41E-05 5.48E-02 1.37E-04 5.50E-02 5.50
27 2.91E-05 5.33E-02 1.16E-04 5.34E-02 5.34

28 3.37E-05 5.55E-02 1.35E-04 5.56E-02 5.56

29 3.13E-05 5.61E-02 1.25E-04 5.62E-02 5.62
30 3.28E-05 5.45E-02 1.31E-04 5.47E-02 5.47

170.47

Average Me01-1 flow .5 -68
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A.2.4 : Pure Si powder-DMC reaction in a presence of KOH (5 wt%) as a catalyst
at 300 'C

Table A.2.4 : BG Composition

Si Si02 SIC
Composition (5 wt%) 100 0 0

Component of BG 3 g. 3.0 0.0 0.0

Table A.2.4 : Operating Conditions (Continue)

Pretreatment 400 'C for 3 hr. in N2

Bath temperature 93 'C

He flow rate 26 ml/min

Initial BG mass 3 g.

Final BG mass 2.84 g.

Table k2.4 : Experimental results (Continue)

Cond. Liq. Mass Vol of Inj. GC Mole Cond. Liq. Total TMOS Mass TMOS Mass DMC Mole DMC
No. (g) (uL) Area 10 ^ -7 vol. (ml) in periods per 10 min. unreacted unreacted

(mole) (g) (g) (mole)
1 5.4 4 5083 4.260 5.2 5.54E-04 8.43E-02 5.32 5.90E-02
2 6.46 4 1837 1.988 6.2 3.08E-04 4.69E-02 6.41 7.12E-02
3 4.22 4 981.5 1.389 4.1 1.42E-04 2.17E-02 4.20 4.66E-02
4 3.02 4 564 1.097 3.00 8.22E-05 1.25E-02 3.01 3.34E-02
5 3.76 4 613.4 1.131 3.70 1.05E-04 1.59E-02 3.74 4.16E-02
6 3.87 4 269.3 0.890 3.80 8.46E-05 1.29E-02 3.86 4.28E-02
7 3.57 4 236.9 0.868 3.50 7.59E-05 1.16E-02 3.56 3.95E-02
8 4.88 4 130.86 0.793 4.80 9.52E-05 1.45E-02 4.87 5.40E-02
9 4.68 5 259.1 0.883 4.50 7.95E-05 1.21E-02 4.67 5.18E-02

10 3.99 5 432.8 1.005 3.90 7.84E-05 1.19E-02 3.98 4.42E-02
11 3.54 5 666.7 1.168 3.50 8.18E-05 1.25E-02 3.53 3.92E-02
12 4.19 5 539.7 1.080 4.10 8.85E-05 1.35E-02 4.18 4.64E-02
13 4.9 5 408 0.987 4.80 9.48E-05 1.44E-02 4.89 5.42E-02
14 4.53 5 417.4 0.994 4.40 8.75E-05 1.33E-02 4.52 5.01E-02
15 2.16 5 1202 1.543 2.20 6.79E-05 1.03E-02 2.15 2.39E-02
16 2.29 S 1456.8 1.722 2.30 7.92E-05 1.21E-02 2.28 2.53E-02
17 4.05 5 1106 1.476 4.00 1.18E-04 1.80E-02 4.03 4.48E-02
18 4.89 5 805.7 1.266 4.80 1.22E-04 1.85E-02 4.87 5.41E-02
19 3.16 5 941.3 1.361 3.20 8.71E-05 1.33E-02 3.15 3.49E-02
20 2.81 5 1270 1.591 2.80 8.91E-05 1.36E-02 2.80 3.10E-02
21 2.96 5 1080 1.458 3.00 8.75E-05 1.33E-02 2.95 3.27E-02
22 2.58 5 1596 1.819 2.70 9.82E-05 1.50E-02 2.57 2.85E-02
23 2.2 5 2027 2.121 2.20 9.33E-05 1.42E-02 2.19 2.43E-02
24 4.4 5 1356.1 1.651 4.40 1.45E-04 2.21E-02 4.38 4.86E-02
25 4.69 5 1431 1.704 4.60 1.57E-04 2.39E-02 4.67 5.18E-02
26 4.2 5 1355.6 1.651 4.20 1.39E-04 2.11E-02 4.18 4.64E-02
27 3.73 5 1716.6 1.903 3.70 1.41E-04 2.14E-02 3.71 4.12E-02
28 4.11 5 1763.7 1.936 4.00 1.55E-04 2.36E-02 4.09 4.54E-02
29 3.68 5 2235 2.266 3.70 1.68E-04 2.55E-02 3.65 4.06E-02
30 3.39 5 1868.6 2.010 3.40 1.37E-04 2.08E-02 3.37 3.74E-02

Purge - 5 247.9 0.875 10.40 1.82E-04 .. - -

4.02E-03
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Table A.2.4 : Experimental results (Continue)

Tube No. Avg. time Mass (g) Collecting Gas film flow Total TMOS Avg. Rate of TMOS Rate
(min) Vol. (ml) (ml/min) (mo1/10 min) formation (mole/min) (mmol/min)

1 5 5.4 5.2 38.3 5.54E-04 5.54E-05 5.54E-02
2 15 6.46 6.2 31.0 3.08E-04 3.08E-05 3.08E-02
3 25 4.22 4.1 24.4 1.42E-04 1.42E-05 1.42E-02
4 35 3.02 3.00 28.6 8.22E-05 8.22E-06 8.22E-03
5 45 3.76 3.70 29.3 1.05E-04 1.05E-05 1.05E-02
6 55 3.87 3.80 27.2 8.46E-05 8.46E-06 8.46E-03
7 65 3.57 3.50 29.1 7.59E-05 7.59E-06 7.59E-03
8 75 4.88 4.80 27.3 9.52E-05 9.52E-06 9.52E-03
9 85 4.68 4.50 24.3 7.95E-05 7.95E-06 7.95E-03
10 95 3.99 3.90 25.5 7.84E-05 7.84E-06 7.84E-03
11 105 3.54 3.50 24.3 8.18E-05 8.18E-06 8.18E-03
12 115 4.19 4.10 28.8 8.85E-05 8.85E-06 8.85E-03
13 125 4.9 4.80 29.8 9.48E-05 9.48E-06 9.48E-03
14 135 4.53 4.40 26.1 8.75E-05 8.75E-06 8.75E-03
15 145 2.16 2.20 27.1 6.79E-05 6.79E-06 6.79E-03
16 155 2.29 2.30 32.8 7.92E-05 7.92E-06 7.92E-03
17 165 4.05 4.00 32.3 1.18E-04 1.18E-05 1.18E-02
18 175 4.89 4.80 29.1 1.22E-04 1.22E-05 1.22E-02
19 185 3.16 3.20 30.9 8.71E-05 8.71E-06 8.71E-03
20 195 2.81 2.80 32.3 8.91E-05 8.91E-06 8.91E-03
21 205 2.96 3.00 33.3 8.75E-05 8.75E-06 8.75E-03
22 215 2.58 2.70 33.0 9.82E-05 9.82E-06 9.82E-03
23 225 2.2 2.20 35.1 9.33E-05 9.33E-06 9.33E-03
24 235 4.4 4.40 40.1 1.45E-04 1.45E-05 1.45E-02
25 245 4.69 4.60 36.1 1.57E-04 1.57E-05 1.57E-02
26 255 4.2 4.20 36.3 1.39E-04 1.39E-05 1.39E-02
27 265 3.73 3.70 36.3 1.41E-04 1.41E-05 1.41E-02
28 275 4.11 4.00 41.4 1.55E-04 1.55E-05 1.55E-02
29 285 3.68 3.70 40.8 1.68E-04 1.68E-05 1.68E-02
30 295 3.39 3.40 44.8 1.37E-04 1.37E-05 1.37E-02

Purge - - 10.40 - 1.82E-04 - -

125.1 3.84E-03
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Table A.2.4 : Experimental results (Continue)

Time Mole of TMOS Unreacted DMC Mole DMC reacted Total DMC flow Total DMC flow
(min) (mol in 10 min) (mol in 10 min) (mol in 10 min.) (mol in 10 min) (mmol/min)

1 5.54E-04 5.90E-02 1.11E-03 6.01E-02 6.01
2 3.08E-04 7.12E-02 6.16E-04 7.18E-02 7.18
3 1.42E-04 4.66E-02 2.85E-04 4.69E-02 4.69
4 8.22E-05 3.34E-02 1.64E-04 3.36E-02 3.36
5 1.05E-04 4.16E-02 2.09E-04 4.18E-02 4.18
6 8.46E-05 4.28E-02 1.69E-04 4.30E-02 4.30
7 7.59E-05 3.95E-02 1.52E-04 3.97E-02 3.97
8 9.52E-05 5.40E-02 1.90E-04 5.42E-02 5.42
9 7.95E-05 5.18E-02 1.59E-04 5.20E-02 5.20

10 7.84E-05 4.42E-02 1.57E-04 4.43E-02 4.43
11 8.18E-05 3.92E-02 1.64E-04 3.93E-02 3.93
12 8.85E-05 4.64E-02 1.77E-04 4.65E-02 4.65
13 9.48E-05 5.42E-02 1.90E-04 5.44E-02 5.44
14 8.75E-05 5.01E-02 1.75E-04 5.03E-02 5.03
15 6.79E-05 2.39E-02 1.36E-04 2.40E-02 2.40
16 7.92E-05 2.53E-02 1.58E-04 2.54E-02 2.54
17 1.18E-04 4.48E-02 2.36E-04 4.50E-02 4.50
18 1.22E-04 5.41E-02 2.43E-04 5.43E-02 5.43
19 8.71E-05 3.49E-02 1.74E-04 3.51E-02 3.51
20 8.91E-05 3.10E-02 1.78E-04 3.12E-02 3.12
21 8.75E-05 3.27E-02 1.75E-04 3.29E-02 3.29
22 9.82E-05 2.85E-02 1.96E-04 2.87E-02 2.87
23 9.33E-05 2.43E-02 1.87E-04 2.45E-02 2.45
24 1.45E-04 4.86E-02 2.91E-04 4.89E-02 4.89
25 1.57E-04 5.18E-02 3.13E-04 5.21E-02 5.21
26 1.39E-04 4.64E-02 2.77E-04 4.67E-02 4.67
27 1.41E-04 4.12E-02 2.82E-04 4.15E-02 4.15
28 1.55E-04 4.54E-02 3.10E-04 4.57E-02 4.57
29 1.68E-04 4.06E-02 3.35E-04 4.09E-02 4.09
30 1.37E-04 3.74E-02 2.73E-04 3.77E-02 3.77

129.24

Average DMC flow 4.31
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A.2.5 : BG-DMC reaction in a presence of KOH (5 wt%) as a catalyst at 250 'C

Table A.2.5 : BG Composition

Si Si02 SiC
Composition (wt%) 52.52 10.91 36.56

Component of BG 3 g. 1.6 0.3 1.1

Table A.2.5 : Operating Conditions (Continue)

Pretreatment 400 'C for 3 hr. in N2

Bath temperature 93 'C
He flow rate 26 ml/min

Initial BG mass 3 g.

Final BG mass 2.91 g.

Table A.2.5 : Experimental results (Continue)

Cond. Liq. Mass Vol of Inj. GC Moles Cond. Liq. Total TMOS Mass TMOS Mass DMC Mole DMC
No. (g) (uL) Area 10" -7 vol. (m1) per 10 min. per 10 min. unreacted unreacted

(mole) (g) (g) (mole)
1 3.29 5 352.44 0.95 330 6.26E-05 9.53E-03 3.28 3.64E-02
2 4.58 5 125.60 0.79 4.50 7.11E-05 1.08E-02 4.57 5.07E-02
3 3.42 5 145.60 0.80 3.40 5.47E-05 8.32E-03 3.41 3.79E-02
4 3.32 5 166.10 0.82 3.30 5.40E-05 8.22E-03 3.31 3.68E-02
5 3.83 5 72.00 0.75 3.80 5.72E-05 8.70E-03 3.82 4.24E-02
6 4.05 5 181.50 0.83 4.00 6.63E-05 1.01E-02 4.04 4.48E-02
7 3.91 5 139.20 0.80 3.85 6.15E-05 9.37E-03 3.90 4.33E-02
8 2.73 5 151.96 0.81 2.70 4.36E-05 6.64E-03 2.72 3.02E-02
9 2.90 5 17.40 0.71 2.90 4.14E-05 630E-03 2.89 3.21E-02
10 4.55 5 15.70 0.71 4.50 6.42E-05 9.77E-03 4.54 5.04E-02
11 3.80 5 34.25 0.73 3.80 5.52E-05 8.40E-03 3.79 4.21E-02
12 4.10 5 90.80 0.77 4.10 6.28E-05 9.55E-03 4.09 4.54E-02
13 3.15 5 23.10 0.72 3.15 4.52E-05 6.89E-03 3.14 3.49E-02
14 2.95 5 59.30 0.74 3.00 4.46E-05 6.79E-03 2.94 3.27E-02
15 2.98 5 94.50 0.77 3.00 4.61E-05 7.01E-03 2.97 3.30E-02
16 3.19 5 32.95 0.72 3.20 4.64E-05 7.06E-03 3.18 3.53E-02
17 3.16 5 23.70 0.72 3.15 4.53E-05 6.89E-03 3.15 3.50E-02
18 2.57 5 32.65 0.72 2.60 3.77E-05 5.74E-03 2.56 2.85E-02
19 2.29 5 20.90 0.72 2.30 3.30E-05 5.02E-03 2.28 2.54E-02
20 3.47 5 22.50 0.72 3.45 4.95E-05 7.54E-03 3.46 3.84E-02
21 3.47 5 11.84 0.71 3.40 4.83E-05 7.35E-03 3.46 3.84E-02
22 3.13 5 24.84 0.72 3.10 4.46E-05 6.79E-03 3.12 3.47E-02
23 3.71 5 43.75 0.73 3.70 5.42E-05 8.25E-03 3.70 4.11E-02
24 3.26 5 17.00 0.71 3.20 4.57E-05 6.95E-03 3.25 3.61E-02
25 3.17 5 15.00 0.71 3.10 4.42E-05 6.72E-03 3.16 3.51E-02
26 2.97 5 42.60 0.73 3.00 4.39E-05 6.68E-03 2.96 3.29E-02
27 2.85 5 34.60 0.73 2.90 4.21E-05 6.41E-03 2.84 3.16E-02
28 3.06 5 57.42 0.74 3.00 4.45E-05 6.78E-03 3.05 3.39E-02
29 2.93 5 56.20 0.74 2.90 4.30E-05 6.54E-03 2.92 3.25E-02
30 2.67 5 86.40 0.76 2.70 4.12E-05 6.27E-03 2.66 2.96E-02

EV-91 11.83 5 104.60 0.78 13.00 2.02E-04 -

170E =03
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Table A.2.5: Experimental results (Continue)

Tube No. Avg. time Mass Collecting Gas film flow Total TMOS Avg. Rate of TMOS Rate
(min) (g) Vol. (ml) (ml/min) in periods formation (mole/ min) (mmoUmin)

1 5 3.29 3.30 25.9 6.26E-05 6.26E-06 6.26E-03
2 15 4.58 4.50 24.0 7.11E-05 7.11E-06 7.11E-03
3 25 3.42 3.40 23.9 5.47E-05 5.47E-06 5.47E-03
4 35 3.32 3.30 26.0 5.40E-05 5.40E-06 5.40E-03
5 45 3.83 3.80 25.8 5.72E-05 5.72E-06 5.72E-03
6 55 4.05 4.00 24.5 6.63E-05 6.63E-06 6.63E-03
7 65 3.91 3.85 23.1 6.15E-05 6.15E-06 6.15E-03
8 75 2.73 2.70 24.1 4.36E-05 4.36E-06 4.36E-03
9 85 2.90 2.90 27.3 4.14E-05 4.14E-06 4.14E-03
10 95 4.55 4.50 25.3 6.42E-05 6.42E-06 6.42E-03
11 105 3.80 3.80 24.5 5.52E-05 5.52E-06 5.52E-03
12 115 4.10 4.10 24.5 6.28E-05 6.28E-06 6.28E-03
13 125 3.15 3.15 24.0 4.52E-05 4.52E-06 4.52E-03
14 135 2.95 3.00 25.6 4.46E-05 4.46E-06 4.46E-03
15 145 2.98 3.00 25.7 4.61E-05 4.61E-06 4.61E-03
16 155 3.19 3.20 24.9 4.64E-05 4.64E-06 4.64E-03
17 165 3.16 3.15 24.7 4.53E-05 4.53E-06 4.53E-03
18 175 2.57 2.60 24.8 3.77E-05 3.77E-06 3.77E-03
19 185 2.29 2.30 26.9 3.30E-05 3.30E-06 3.30E-03
20 195 3.47 3.45 26.8 4.95E-05 4.95E-06 4.95E-03
21 205 3.47 3.40 25.1 4.83E-05 4.83E-06 4.83E-03
22 215 3.13 3.10 24.9 4.46E-05 4.46E-06 4.46E-03
23 225 3.71 3.70 26.5 5.42E-05 5.42E-06 5.42E-03
24 235 3.26 3.20 26.6 4.57E-05 4.57E-06 4.57E-03
25 245 3.17 3.10 26.3 4.42E-05 4.42E-06 4.42E-03
26 255 2.97 3.00 26.4 4.39E-05 4.39E-06 4.39E-03
27 265 2.85 2.90 27.2 4.21E-05 4.21E-06 4.21E-03
28 275 3.06 3.00 26.8 4.45E-05 4.45E-06 4.45E-03
29 285 2.93 2.90 26.5 4.30E-05 4.30E-06 4.30E-03
30 295 2.67 2.70 26.9 4.12E-05 4.12E-06 4.12E-03

Wait&EV-91 - - 20.45 - -

119.45 1.49E-03
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Table A.2.5 : Experimental results (Continue)

Tube Mole of TMOS Unreacted DMC Mole DMC reacted Total DMC flow Total DMC flow
(mol in 10 min) (mol in 10 min) (mol in 10 min.) (mol in 10 min) (mmol/min)

1 6.26E-05 3.64E-02 1.25E-04 3.65E-02 3.65
2 7.11E-05 5.07E-02 1.42E-04 5.09E-02 5.09
3 5.47E-05 3.79E-02 1.09E-04 3.80E-02 3.80
4 5.40E-05 3.68E-02 1.08E-04 3.69E-02 3.69
5 5.72E-05 4.24E-02 1.14E-04 4.25E-02 4.25
6 6.63E-05 4.48E-02 1.33E-04 4.50E-02 4.50
7 6.15E-05 4.33E-02 1.23E-04 4.34E-02 4.34
8 4.36E-05 3.02E-02 8.73E-05 3.03E-02 3.03
9 4.14E-05 3.21E-02 8.28E-05 3.22E-02 3.22
10 6.42E-05 5.04E-02 1.28E-04 5.05E-02 5.05
11 5.52E-05 4.21E-02 1.10E-04 4.22E-02 4.22
12 6.28E-05 4.54E-02 1.26E-04 4.55E-02 4.55
13 4.52E-05 3.49E-02 9.05E-05 3.50E-02 3.50
14 4.46E-05 3.27E-02 8.92E-05 3.28E-02 3.28
15 4.61E-05 3.30E-02 9.22E-05 3.31E-02 3.31
16 4.64E-05 3.53E-02 9.28E-05 3.54E-02 3.54
17 4.53E-05 3.50E-02 9.05E-05 3.51E-02 3.51
18 3.77E-05 2.85E-02 7.54E-05 2.85E-02 2.85
19 3.30E-05 2.54E-02 6.59E-05 2.54E-02 2.54
20 4.95E-05 3.84E-02 9.90E-05 3.85E-02 3.85
21 4.83E-05 3.84E-02 9.66E-05 3.85E-02 3.85
22 4.46E-05 3.47E-02 8.92E-05 3.48E-02 3.48
23 5.42E-05 4.11E-02 1.08E-04 4.12E-02 4.12
24 4.57E-05 3.61E-02 9.14E-05 3.62E-02 3.62
25 4.42E-05 3.51E-02 8.83E-05 3.52E-02 3.52
26 4.39E-05 3.29E-02 8.78E-05 3.30E-02 3.30
27 4.21E-05 3.16E-02 8.42E-05 3.17E-02 3.17
28 4.45E-05 3.39E-02 8.90E-05 3.40E-02 3.40
29 4.30E-05 3.25E-02 8.60E-05 3.25E-02 3.25
30 4.12E-05 2.96E-02 8.23E-05 2.97E-02 2.97

1.105 110.46

Average DMC flow 3.68
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A.2.6 : BG-DMC reaction in a presence of KOH (5 wt%) as a catalyst at 275 'C

Table A.2.6 : BG Composition

Si Si02 SiC

Composition (wt%) 52.52 10.91 36.56

Component of BG 3 g. 1.6 0.3 1.1

Table A.2.6 : Operating Conditions (Continue)

Pretreatment 400 'C for 3 hr. in N2

Bath temperature 93 'C

He flow rate 26 mlimin

Initial BG mass 3 g.

Final BG mass 2.88 g.

Table A.2.6 : Experimental results (Continue)

Cond. Liq. Mass Vol of 14 GC Moles Cond. Liq. Total TMOS Mass TMOS Mass DMC Mole DMC
No. (g) (uL) Area 10"-7 vol. (ml) per 10 min. per 10 min. unreacted unreacted

(mole) (g) (g) (mole)
1 3.46 5 460.20 1.02 3.40 6.96E-05 1.06E-02 3.45 3.83E-02
2 3.96 5 345.50 0.94 3.90 7.36E-05 1.12E-02 3.95 4.38E-02
3 3.71 5 242.00 0.87 3.65 6.36E-05 9.68E-03 3.70 4.11E-02
4 2.86 5 172.00 0.82 2.90 4.77E-05 7.26E-03 2.85 3.17E-02
5 3.46 5 163.90 0.82 3.45 5.63E-05 8.58E-03 345 3.83E-02
6 3.76 5 175.00 0.82 3.70 6.10E-05 9.29E-03 3.75 4.16E-02
7 3.41 5 180.10 0.83 3.40 5.63E-05 8.57E-03 3.40 3.78E-02
8 2.89 5 188.70 0.83 2.90 4.84E-05 7.36E-03 2.88 3.20E-02
9 2.94 5 193.30 0.84 2.90 4.86E-05 7.39E-03 2.93 3.26E-02
10 3.07 5 178.70 0.83 3.05 5.04E-05 7.68E-03 3.06 3.40E-02
11 3.60 5 98.80 0.77 3.55 5.47E-05 8.33E-03 3.59 3.99E-02
12 3.62 5 126.30 0.79 3.55 5.61E-05 8.54E-03 3.61 4.01E-02
13 3.15 5 97.30 0.77 3.10 4.77E-05 7.27E-03 3.14 3.49E-02
14 2.74 5 240.00 0.87 2.75 4.78E-05 7.28E-03 2.73 3.03E-02
15 2.79 5 213.80 0.85 2.80 4.77E-05 7.26E-03 2.78 3.09E-02
16 2.75 5 243.60 0.87 2.80 4.88E-05 7.44E-03 2.74 3.04E-02
17 2.85 5 224.90 0.86 2.90 4.98E-05 7.59E-03 2.84 3.16E-02
18 3.21 5 167.80 0.82 3.20 5.24E-05

-
7.98E-03 3.20 3.55E-02

19 3.20 S 202.40 0.84 3.20 5.40E-05 8.22E-03 3.19 3.54E-02
20 3.06 5 168.70 0.82 3.10 5.08E-05 7.74E-03 3.05 3.39E-02
21 330 5 242.40 0.87 3.30 5.75E-05 8.76E-03 3.29 3.65E-02
22 3.07 5 231.40 0.86 3.05 5.27E-05 8.02E-03 3.06 3.40E-02
23 3.02 5 241.20 0.87 3.00 5.22E-05 7.95E-03 3.01 3.34E-02
24 2.66 5 265.70 0.89 2.70 4.79E-05 7.30E-03 2.65 2.94E-02
25 2.74 5 238.90 0.87 2.80 4.87E-05 7.41E-03 2.73 3.03E-02
26 2.70 5 252.40 0.88 2.70 4.74E-05 7.22E-03 2.69 2.99E-02
27 2.74 5 180.10 0.83 2.80 4.64E-05 7.06E-03 2.73 3.03E-02
28 2.53 5 259.30 0.88 2.60 4.59E-05 6.99E-03 2.52 2.80E-02
29 2.88 5 215.90 0.85 2.90 4.95E-05 7.53E-03 2.87 3.19E-02
30 2.94

-
5 205.90 0.85 2.95 4.99E-05 7.60E-03 2.93 3.26E-02

EV-91 28.53 5 149.00 0.81 28.00 4.51E-04 - - -
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Table A.2.6 : Experimental results (Continue)

Tube No. Avg. time Mass Collecting Gas film flow Total TMOS Avg. Rate of TMOS Rate
(min) (g) Vol. (ml) (ml/min) in periods formation (mole/ min) (mmol/min)

1 5 3.46 3.40 23.0 6.96E-05 6.96E-06 6.96E-03
2 15 3.96 3.90 24.2 7.36E-05 7.36E-06 7.36E-03
3 25 3.71 3.65 20.6 6.36E-05 6.36E-06 6.36E-03
4 35 2.86 2.90 21.9 4.77E-05 4.77E-06 4.77E-03
5 45 3.46 3.45 22.3 5.63E-05 5.63E-06 5.63E-03
6 55 3.76 3.70 22.9 6.10E-05 6.10E-06 6.10E-03
7 65 3.41 3.40 22.0 5.63E-05 5.63E-06 5.63E-03
8 75 2.89 2.90 23.1 4.84E-05 4.84E-06 4.84E-03
9 85 2.94 2.90 20.5 4.86E-05 4.86E-06 4.86E-03
10 95

-
3.07 3.05 23.1 5.04E-05 5.04E-06 5.04E-03

11 105 3.60 3.55 21.9 5.47E-05 5.47E-06 5.47E-03
12 115 3.62 3.55 20.8 5.61E-05 5.61E-06 5.61E-03
13 125 3.15 3.10 22.2 4.77E-05 4.77E-06 4.77E-03
14 135 2.74 2.75 23.3 4.78E-05 4.78E-06 4.78E-03
15 145 2.79 2.80 23.3 4.77E-05

-
4.77E-06 4.77E-03

16 155 2.75 2.80 24.0 4.88E-05 4.88E-06 4.88E-03
17 165 2.85 2.90 22.4 4.98E-05 4.98E-06 4.98E-03
18 175 3.21 3.20 22.9 5.24E-05 5.24E-06 5.24E-03
19 185 3.20 3.20 24.4 5.40E-05 5.40E-06 5.40E-03
20 195 3.06 3.10 23.9 5.08E-05 5.08E-06 5.08E-03
21 205 3.30 3.30 23.9 5.75E-05 5.75E-06 5.75E-03
22 215 3.07 3.05 25.1 5.27E-05 5.27E-06 5.27E-03
23 225 3.02 3.00 24.3 5.22E-05 5.22E-06 5.22E-03
24 235 2.66 2.70 26.2 4.79E-05 4.79E-06 4.79E-03
25 245 2.74 2.80 26.3 4.87E-05 4.87E-06 4.87E-03
26 255 2.70 2.70 25.5 4.74E-05 4.74E-06 4.74E-03
27 265 2.74 2.80 25.8 4.64E-05 4.64E-06 4.64E-03
28 275 2.53 2.60 26.8 4.59E-05 4.59E-06 4.59E-03
29 285 2.88 2.90 29.7 4.95E-05 4.95E-06 4.95E-03
30 295 2.94 2.95 30.3 4.99E-05 4.99E-06 4.99E-03

Wait&EV-91 - - 28.0 - -

121.00 1.58E-03
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Table A.2.6 : Experimental results (Continue)

Tube Mole of TMOS Unreacted DMC Mole DMC reacted Total DMC flow Total DMC flow
(mol in 10 min) (mol in 10 min) (mol in 10 min.) (mol in 10 min) (mmol/min)

1 6.96E-05 3.83E-02 1.39E-04 3.84E-02 3.84
2 7.36E-05 4.38E-02 1.47E-04 4.40E-02 4.40
3 6.36E-05 4.11E-02 1.27E-04 4.12E-02 4.12
4 4.77E-05 3.17E-02 9.54E-05 3.18E-02 3.18
5 5.63E-05 3.83E-02 1.13E-04 3.84E-02 3.84
6 6.10E-05 4.16E-02 1.22E-04 4.18E-02 4.18
7 5.63E-05 3.78E-02 1.13E-04 3.79E-02 3.79
8 4.84E-05 3.20E-02 9.67E-05 3.21E-02 3.21
9 4.86E-05 3.26E-02 9.71E-05 3.27E-02 3.27
10 5.04E-05 3.40E-02 1.01E-04 3.41E-02 3.41
11 5.47E-05 3.99E-02 1.09E-04 4.00E-02 4.00
12 5.61E-05 4.01E-02 1.12E-04 4.02E-02 4.02
13 4.77E-05 3.49E-02 9.55E-05 3.50E-02 3.50
14 4.78E-05 3.03E-02 9.57E-05 3.04E-02 3.04
15 4.77E-05 3.09E-02 9.54E-05 3.10E-02 3.10
16 4.88E-05 3.04E-02 9.77E-05 3.05E-02 3.05
17 4.98E-05 3.16E-02 9.97E-05 3.17E-02 3.17
18 5.24E-05 3.55E-02 1.05E-04 3.57E-02 3.57
19 5.40E-05 3.54E-02 1.08E-04 3.55E-02 3.55
20 5.08E-05 3.39E-02 1.02E-04 3.40E-02 3.40
21 5.75E-05 3.65E-02 1.15E-04 3.67E-02 3.67
22 5.27E-05 3.40E-02 1.05E-04 3.41E-02 3.41
23 5.22E-05 3.34E-02 1.04E-04 3.35E-02 3.35
24 4.79E-05 2.94E-02 9.59E-05 2.95E-02 2.95
25 4.87E-05 3.03E-02 9.73E-05 3.04E-02 3.04
26 4.74E-05 2.99E-02 9.49E-05 3.00E-02 3.00
27 4.64E-05 3.03E-02 9.27E-05 3.04E-02 3.04
28 4.59E-05 2.80E-02 9.19E-05 2.81E-02 2.81
29 4.95E-05 3.19E-02 9.89E-05 3.20E-02 3.20
30 4.99E-05 3.26E-02 9.98E-05 3.27E-02 3.27

103.37

Average DMC flow 3.45
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A.2.7 : BG-DMC reaction in a presence of KOH (5 wt%) as a catalyst at 325 'C

Table A.2.7 :BG Composition

Si Si02 SIC

Composition (wt%) 52.52 10.91 36.56

Component of BG 3 g. 1.6 0.3 1.1

Table A.2.7 : Operating Conditions (Continue)

Pretreatment 400 .c for 3 hr. in N2

Bath temperature 93 'C
He flow rate 26 ml/min
Initial BG mass 3 g.

Final BG mass N/A

Table A.2.7 : Experimental results (Continue)

Cond. Lk,. Mass Vol of Ini. GC Moles Cond. Liq. Total TMOS Mass TMOS Mass DMC Mole DMC
No. (g) (uL) Area *10' vol. (ml) per 10 min. per 10 min. unreacted unreacted

(mole) (g) (g) (mole)
1 2.86 5 5946.3 4.86 2.90 2.82E-04 4.29E-02 2.82 3.13E-02
2 3.44 5 4010.2 3.51 3.40 2.39E-04 3.63E -02 3.40 3.78E-02
3 3.29 5 2914.5 2.74 3.30 1.81E-04 2.75E-02 3.26 3.62E-02
4 3.36 5 2931.8 2.75 3.40 1.87E-04 2.85E-02 3.33 3.70E-02
5 3.03 5 2142.3 2.20 3.00 1.32E-04 2.01E-02 3.01 3.34E-02
6 2.81 5 1597.7 1.82 2.85 1.04E-04 1.58E-02 2.79 3.10E-02
7 3.01 5 1490.3 1.75 3.00 1.05E-04 1.59E-02 2.99 3.32E-02
8 4.39 5 1075.9 1.45 4.40 1.28E-04 1.95E-02 4.37 4.85E-02
9 3.55 5 1449.2 1.72 3.55 1.22E-04 1.85E-02 3.53 3.92E-02
10 3.31 5 1473.1 1.73 3.30 1.14E-04 1.74E-02 3.29 3.66E-02
11 2.50 5 2273.8 2.29 2.60 1.19E-04 1.82E-02 2.48 2.76E-02
12 2.62 5 2274.5 2.29 2.70 1.24E-04 1.89E-02 2.60 2.89E-02
13 3.13 5 2116.0 2.18 3.20 1.40E-04 2.13E-02 3.11 3.45E-02
14 3.01 5 2294.7 2.31 3.10 1.43E-04 2.18E-02 2.99 3.32E-02
15 2.65 5 2527.0 2.47 2.70 1.33E-04 2.03E-02 2.63 2.92E-02
16 2.95 5 1350.2 1.65 3.00 9.88E-05 1.50E-02 2.93 3.26E-02
17 2.62 5 1810.4 1.97 2.70 1.06E-04 1.62E-02 2.60 2.89E-02
18 2.39 5 1794.3 1.96 2.50 9.79E-05 1.49E-02 2.38 2.64E-02
19 2.75 5 1729.9 1.91 2.85 1.09E-04 1.66E-02 2.73 3.03E-02
20 3.15 5 1477.7 1.74 3.20 1.11E-04 1.69E-02 3.13 3.48E-02
21 2.64 5 1798.9 1.96 2.80 1.10E-04 1.67E-02 2.62 2.91E-02
22 2.31 5 1887.5 2.02 2.40 9.71E-05 1.48E-02 2.30 2.55E-02
23 2.81 5 1344.0 1.64 2.90 9.53E-05 1.45E-02 2.80 3.10E-02
24 3.22 5 1254.2 1.58 3.30 1.04E-04 1.59E-02 3.20 3.56E-02
25 2.80 5 1152.4 -..

1.51 2.90 8.75E-05 1.33E-02 2.79 3.09E-02
26 2.26 5 1206.5 1.55 2.40 7.42E-05 1.13E-02 2.25 2.50E-02
27 2.00 5 1500.0 1.75 2.10 7.36E-05 1.12E-02 1.99 2.21E-02
28 2.04 5 1331.6 1.63 2.20 7.19E-05 1.09E-02 2.03 2.25E-02
29 2.16 5 1155.7 1.51 2.30 6.95E-05 1.06E-02 2.15 2.39E-02
30 2.32 5 1201.9 1.54 2.40 7.41E-05 1.13E-02 2.31 2.56E-02

EV-9I 12.74 5 104.6 0.78 13.00 2.02E-04 - - -

184E413



100

Table A.2.7 : Experimental results (Continue)

Tube No. Avg. time Mass Collecting Gas film flow Total TMOS Avg. Rate of TMOS Rate
(min) (g) Vol. (m1) (ml/min) in periods formation (mole/ min) (mmol/min)

1 5 2.86 2.90 40.7 2.82E-04 2.82E-05 2.82E-02
2 15 3.44 3.40 39.5 2.39E-04 2.39E-05 2.39E-02

3 25 3.29 3.30 38.3 1.81E-04 1.81E-05 1.81E-02

4 35 3.36 3.40 38.6 1.87E-04 1.87E-05 1.87E-02

5 45 3.03 3.00 37.7 1.32E-04 1.32E-05 1.32E-02

6 55 2.81 2.85 40.0 1.04E-04 1.04E-05 1.04E-02
7 65 3.01 3.00 41.2 1.05E-04 1.05E-05 1.05E-02

8 75 4.39 4.40 45.3 1.28E-04 1.28E-05 1.28E-02
9 85 3.55 3.55 46.7 1.22E-04 1.22E-05 1.22E-02

10 95 3.31 3.30 46.7 1.14E-04 1.14E-05 1.14E-02
11 105 2.50 2.60 49.6 1.19E-04 1.19E-05 1.19E-02

12 115 2.62 2.70 51.5 1.24E-04 1.24E-05 1.24E-02

13 125 3.13 3.20 57.1 1.40E-04 1.40E-05 1.40E-02
14 135 3.01 3.10 58.3 1.43E-04 1.43E-05 1.43E-02
15 145 2.65 2.70 58.8 1.33E-04 1.33E-05 1.33E-02

16 155 2.95 3.00 59.7 9.88E-05 9.88E-06 9.88E-03
17 165 2.62 2.70 62.2 1.06E-04 1.06E-05 1.06E-02

18 175 2.39 2.50 60.9 9.79E-05 9.79E-06 9.79E-03

19 185 2.75 2.85 62.5 1.09E-04 1.09E-05 1.09E-02
20 195 3.15 3.20 63.5 1.11E-04 1.11E-05 1.11E-02

21 205 2.64 2.80 64.5 1.10E-04 1.10E-05 1.10E-02

22 215 1 2.31 2.40 62.8 9.71E-05 9.71E-06 9.71E-03
23 225 2.81 2.90 66.7 9.53E-05 9.53E-06 9.53E-03

24 235 3.22 3.30 67.0 1.04E-04 1.04E-05 1.04E-02

25 245 2.80 2.90 64.9 8.75E-05 8.75E-06 8.75E-03

26 255 2.26 2.40 63.2 7.42E-05 7.42E-06 7.42E-03

27 265 2.00 2.10 63.2 7.36E-05 7.36E-06 7.36E-03

28 275 2.04 2.20 63.5 7.19E-05 7.19E-06 7.19E-03

29 285 2.16 2.30 61.9 6.95E-05 6.95E-06 6.95E-03

30 295 2.32 2.40 69.8 7.41E-05 7.41E-06 7.41E-03

EV-91 - - 20.45 - -

107.80 3.63E-03
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Table A.2.7 : Experimental results (Continue)

Tube Mote of TMOS tjnreacted DMC Mole DMC reacted Total DMC flow Total DMC flow
(mol in 10 min) (mol in 10 min) (mol in 10 min.) (mol in 10 min) (mmol/min)

1 2.82E-04 3.13E-02 5.64E-04 3.18E-02 3.18
2 2.39E-04 3.78E-02 4.77E-04 3.83E-02 3.83
3 1.81E-04 3.62E-02 3.62E-04 3.66E-02 3.66
4 1.87E-04 3.70E-02 3.75E-04 3.74E-02 3.74
5 1.32E-04 3.34E-02 2.64E-04 3.37E-02 3.37
6 1.04E-04 3.10E-02 2.08E-04 3.12E-02 3.12
7 1.05E-04 3.32E-02 2.09E-04 3.34E-02 3.34
8 1.28E-04 4.85E-02 2.56E-04 4.88E-02 4.88
9 1.22E-04 3.92E-02 2.44E-04 3.94E-02 3.94

10 1.14E-04 3.66E-02 2.29E-04 3.68E-02 3.68
11 1.19E-04 2.76E-02 2.39E-04 2.78E-02 2.78
12 1.24E-04 2.89E-02 2.48E-04 2.91E-02 2.91
13 1.40E-04 3.45E-02 2.79E-04 3.48E-02 3.48
14 1.43E-04 3.32E-02 2.86E-04 3.35E-02 3.35
15 1.33E-04 2.92E-02 2.67E-04 2.95E-02 2.95
16 9.88E-05 3.26E-02 1.98E-04 3.28E-02 3.28
17 1.06E-04 2.89E-02 2.13E-04 2.91E-02

-
2.91

18 9.79E-05 2.64E-02 1.96E-04 2.66E-02 2.66
19 1.09E-04 3.03E-02 2.18E-04 3.06E-02 3.06
20 1.11E-04 3.48E-02 2.22E-04 3.50E-02 3.50
21 1.10E-04 2.91E-02 2.20E-04 2.93E-02 2.93
22 9.71E-05 2.55E-02 1.94E-04 2.57E-02 2.57
23 9.53E-05 3.10E-02 1.91E-04 3.12E-02 3.12
24 1.04E-04 3.56E-02 2.09E-04 3.58E-02 3.58
25 8.75E-05 3.09E-02 1.75E-04 3.11E-02 3.11 -
26 7.42E-05 2.50E-02 1.48E-04 2.51E-02 2.51
27 7.36E-05 2.21E-02 1.47E-04 2.22E-02 2.22
28 7.19E-05 2.25E-02 1.44E-04 2.27E-02 2.27
29 6.95E-05 2.39E-02 1.39E-04 2.40E-02 2.40
30 7.41E-05 2.56E-02 1.48E-04 2.58E-02 2.58

94.90

Avetage DMC flow 3.16
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A.2.8 : BG-DMC reaction in a presence of KOH (5 wt%) as a catalyst at 300 'C

Table A.2.8 : BG Composition

Si 5102 SiC

Composition (wt%) 52.52 10.91 36.56

Component of BG 10 g. 5.3 1.1 3.7

Table A.2.8 : Operating Conditions (Continue)

Pretreatment 400 'C for 3 hr. in N2

Bath temperature 93 'C

He flow rate 26 ml/min
Initial BG mass 10 g.
Final BG mass 9.11 g.

Table A.2.8 : Experimental results (Continue)

Cond. Liq. Mass Vol of 14 GC Moles Cond. Liq. Total TMOS Mass TMOS Mass DMC Mole DMC
No. (g) (uL) Area 10A-7 vol. (ml) per 10 min. per 10 min. unreacted unreacted

(mole) (g) (g) (mole)
1 2.87 5 9940 7.66 2.90 4.44E-04 6.76E-02 2.80 3.11E-02
2 4.80 5 8232 6.46 4.70 6.08E-04 9.25E-02 4.71 5.23E-02
3 5.60 5 6501 5.25 5.40 5.67E-04 8.64E-02 5.51 6.12E-02
4 4.75 5 5224 436 4.70 4.10E-04 6.24E-02 4.69 5.20E-02
5 4.20 5 5250 4.38 4.15 3.63E-04 5.53E-02 4.14 4.60E-02
6 3.96 5 5370 4.46 3.90 3.48E-04 5.30E-02 3.91 4.34E-02
7 4.03 5 5012 4.21 4.00 3.37E-04 5.13E-02 3.98 4.42E-02
8 4.14 5 4277 3.70 4.10 3.03E-04 4.61E-02 4.09 4.54E-02
9 4.34 5 3214 2.95 4.25 2.51E-04 3.82E-02 4.30 4.78E-02
10 4.22 5 3008 2.81 4.20 2.36E-04 3.59E-02 4.18 4.64E-02
11 4.20 5 3348 3.05 4.15 2.53E-04 3.85E-02 4.16 4.62E-02
12 3.63 5 2869 2.71 3.60 1.95E-04 2.97E-02 3.60 4.00E-02
13 3.38 5 2881 2.72 3.40 1.85E-04 2.81E-02 335 3.72E-02
14 3.58 5 2408 2.39 3.60 1.72E-04 2.62E-02 3.55 3.95E-02
15 3.62 5 2253 2.28 3.60 1.64E-04 2.50E-02 3.60 3.99E-02
16 3.64 5 2182 2.23 3.60 1.61E-04 2.44E-02 3.62 4.01E-02
17 4.03 5 758 1.23 4.00 9.86E-05 1.50E-02 4.01 4.46E-02
18 3.60 5 1049 1.44 3.60 1.03E-04 1.57E-02 3.58 3.98E-02
19 3.16 5 1044 1.43 3.20 9.17E-05 1.40E-02 3.15 3.49E-02
20 3.16 5 1542 1.78 3.20 1.14E-04 1.74E-02 3.14 3.49E-02
21 3.91 5 1015 1.41 3.90 1.10E-04 1.68E-02 3.89 4.32E-02
22 3.66 5 1292 1.61 3.60 1.16E-04 1.76E-02 3.64 4.04E-02
23 3.40 5 1386 1.67 3.40 1.14E-04 1.73E-02 3.38 3.76E-02
24 3.39 5 1222 1.56 3.40 1.06E-04 1.61E-02 3.37 3.75E-02
25 3.15 5 1268 1.59 3.15 1.00E-04 1.52E-02 3.13 3.48E-02
26 2.81 5 1426 1.70 2.85 9.69E-05 1.47E-02 2.80 3.10E-02
27 2.72 5 1373 1.66 2.80 9.31E-05 1.42E-02 2.71 3.00E-02
28 2.76 5 1480 1.74 2.80 9.73E-05 1.48E-02 2.75 3.05E-02
29 3.31 5 1462 1.72 3.30 1.14E-04 1.73E-02 3.29 3.66E-02
30 3.54 5 1212 1.55 3.50 1.09E-04 1.65E-02 3.52 3.91E-02

6450E.03
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Table A.2.8 : Experimental results (Continue)

Tube No. Avg. time Mass Collecting Gas film flow Total TMOS Avg. Rate of TMOS Rate
(min) (g) Vol. (m1) (ml/min) in periods formation (mole/ min) (mmol/min)

1 5 2.87 2.90 43.3 4.44E-04 4.44E-05 4.44E-02

2 15 4.80 4.70 44.0 6.08E-04 6.08E-05 6.08E-02
3 25 5.60 5.40 43.5 5.67E-04 5.67E-05 5.67E-02
4 35 4.75 4.70 39.6 4.10E-04 4.10E-05 4.10E-02
5 45 4.20 4.15 38.8 3.63E-04 3.63E-05 3.63E-02

6 55 3.96 3.90 38.2 3.48E-04 3.48E-05 3.48E-02
7 65 4.03 4.00 37.9 3.37E-04 3.37E-05 3.37E-02
8 75 4.14 4.10 37.5 3.03E-04 3.03E-05 3.03E-02

9 85 4.34 4.25 37.6 2.51E-04 2.51E-05 2.51E-02
10 95 4.22 4.20 37.3 2.36E-04 2.36E-05 2.36E-02

11 105 4.20 4.15 37.6 2.53E-04 2.53E-05 2.53E-02

12 115 3.63 3.60 36.1 1.95E-04 1.95E-05 1.95E-02

13 125 3.38 3.40 37.5 1.85E-04 1.85E-05 1.85E-02
14 135 3.58 3.60 37.3 1.72E-04 1.72E-05 1.72E-02

15 145 3.62 3.60 36.9 1.64E-04 1.64E-05 1.64E-02

16 155 3.64 3.60 38.1 1.61E-04 1.61E-05 1.61E-02

17 165 4.03 4.00 38.6 9.86E-05 9.86E-06 9.86E-03
18 175 3.60 3.60 37.7 1.03E-04 1.03E-05 1.03E-02

19 185 3.16 3.20 38.0 9.17E-05 9.17E-06 9.17E-03
20 195 3.16 3.20 38.8 1.14E-04 1.14E-05 1.14E-02

21 205 3.91 3.90 39.0 1.10E-04 1.10E-05 1.10E-02

22 215 3.66 3.60 37.2 1.16E-04 1.16E-05 1.16E-02

23 225 3.40 3.40 38.5 1.14E-04 1.14E-05 1.14E-02

24 235 3.39 3.40 40.1 1.06E-04 1.06E-05 1.06E-02

25 245 3.15 3.15 39.9 1.00E-04 1.00E-05 1.00E-02

26 255 2.81 2.85 41.1 9.69E-05 9.69E-06 9.69E-03

27 265 2.72 2.80 41.1 9.31E-05 9.31E-06 931E-03
28 275 2.76 2.80 42.6 9.73E-05 9.73E-06 9.73E-03

29 285 3.31 3.30 43.3 1.14E-04 1.14E-05 1.14E-02

30 295 3.54 3.50 43.6 1.09E-04 1.09E-05 1.09E-02

Waiting - - 20.20 - -

131.15 6.46E-03
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Table A.2.8 : Experimental results (Continue)

Tube Mole of TMOS Unreacted DMC Mole DMC reacted Total DMC flow Total DMC flow
(mol in 10 min) (mol in 10 min) (mol in 10 min.) (mol in 10 min) (mmol/min)

1 4.44E-04 3.11E-02 8.89E-04 3.20E-02 3.20
2 6.08E-04 5.23E-02 1.22E-03 5.35E-02 5.35

3 5.67E-04 6.12E-02 1.13E-03 6.23E-02 6.23
4 4.10E-04 5.20E-02 8.19E-04 5.29E-02 5.29
5 3.63E-04 4.60E-02 7.27E-04 4.67E-02 4.67
6 3.48E-04 4.34E-02 6.96E-04 4.41E-02 4.41
7 3.37E-04 4.42E-02 6.74E-04 4.48E-02 4.48
8 3.03E-04 4.54E-02 6.06E-04 4.61E-02 4.61
9 2.51E-04 4.78E-02 5.02E-04 4.83E-02 4.83
10 2.36E-04 4.64E-02 4.72E-04 4.69E-02 4.69
11 2.53E-04 4.62E-02 5.05E-04 4.67E-02 4.67
12 1.95E-04 4.00E-02 3.90E-04 4.04E-02 4.04
13 1.85E-04 3.72E-02 3.70E-04 3.76E-02 3.76
14 1.72E-04 3.95E-02 3.44E-04 3.98E-02 3.98

15 1.64E-04 3.99E-02 3.28E-04 4.02E-02 4.02
16 1.61E-04 4.01E-02 3.21E-04 4.05E-02 4.05
17 9.86E-05 4.46E-02 1.97E-04 4.48E-02 4.48
18 1.03E-04 3.98E-02 2.07E-04 4.00E-02 4.00
19 9.17E-05 3.49E-02 1.83E-04 3.51E-02 3.51
20 1.14E-04 3.49E-02 2.28E-04 3.51E-02 3.51

21 1.10E-04 4.32E-02 2.20E-04 4.34E-02 4.34
22 1.16E-04 4.04E-02 2.31E-04 4.07E-02 4.07
23 1.14E-04 3.76E-02 2.27E-04 3.78E-02 3.78
24 1.06E-04 3.75E-02 2.12E-04 3.77E-02 3.77

25 1.00E-04 3.48E-02 2.00E-04 3.50E-02 3.50
26 9.69E-05 3.10E-02 1.94E-04 3.12E-02 3.12
27 9.31E-05 3.00E-02 1.86E-04 3.02E-02 3.02

,28 ,,-9.73E-05 3.05E-02 1.95E-04 3.07E-02 3.07
29 1.14E-04 3.66E-02 2.28E-04 3.68E-02 3.68

30 1.09E-04 3.91E-02 2.17E-04 3.93E-02 3.93

124.05

Average DMC flow 4.13
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A.2.9 : BG-DMC reaction in a presence of KOH (5 wt%) as a catalyst at 300 'C

Table A.2.9 : BG Composition

Si S102 SIC..
Composition (wt%) 52.52 10.91 36.56

Component of BG 6 g. 3.2 0.7 2.2

Table A.2.9 : Operating Conditions (Continue)

Pretreatment 400 'C for 3 hr. in N2

Bath temperature 93 'C

He flow rate
-

26 ml/min

Initial BG mass 6 g.

Final BG mass 5.65 g.

Table A.2.9 : Experimental results (Continue)

Cond. Liq. Mass Vol of 14 GC Moles Cond. Liq. Total TMOS Mass TMOS Mass DMC Mole DMC
No. (g) (uL) Area 10 ^ -7 vol. (ml) per 10 min. per 10 min. unreacted unreacted

(mole) (g) (g) (mole)
1 4.31 5 4803.00 4.06 4.20 3.41E-04 5.20E-02 4.26 4.73E-02
2 4.87 5 2794.43 2.66 4.80 2.55E-04 3.88E-02 4.83 5.36E-02
3 3.81 5 2815.10 2.67 3.75 2.00E-04 3.05E-02 3.78 4.20E-02
4 3.49 5 2580.40 2.51 3.50 1.76E-04 2.67E-02 3.46 3.84E-02
5 3.58 5 1818.40 1.97 3.50 1.38E-04 2.10E-02 3.56 3.95E-02
6 3.00 5 1939.50 2.06 3.00 1.24E-04 1.88E-02 2.98 3.31E-02
7 2.91 5 1921.64 2.05 2.90 1.19E-04 1.81E-02 2.89 3.21E-02
8 4.06 5 1051.76 1.44 4.00 1.15E-04 1.75E-02 4.04 4.49E-02
9 4.15 5 960.30 137 4.10 1.13E-04 1.72E-02 4.13 4.59E-02
10 3.79 5 964.60 1.38 3.70 1.02E-04 1.55E-02 3.77 4.19E-02
11 2.75 5 1130.90 1.49 2.80 8.36E-05 1.27E-02 2.74 3.04E-02
12 2.56 5 1013.45 1.41 2.60 7.34E-05 1.12E-02 2.55 2.83E-02
13 3.98 S 777.24 1.25 3.90 9.72E-05 1.48E-02 3.97 4.40E-02
14 3.72 5 664.50 1.17 3.70 8.64E-05 131E-02 3.71 4.12E-02
15 3.27 5 866.60 1.31 3.30 8.64E-05 131E-02 3.26 3.62E-02
16 3.20 5 497.50 1.05 3.20 6.72E-05 1.02E-02 3.19 3.54E-02
17 3.06 S 791.70 1.26 3.10 7.79E-05 1.19E-02 3.05 3.38E-02
18 2.94 5 514.80 1.06 3.00 6.37E-05 9.70E-03 2.93 3.25E-02
19 3.48 5 500.90 1.05 3.45 7.26E-05 1.11E-02 3.47 3.85E-02
20 3.80 5 537.30 1.08 3.80 8.19E-05 1.25E-02 3.79 4.20E-02
21 3.28 5 558.30 1.09 3.30 7.21E-05 1.10E-02 3.27 3.63E-02
22 2.74 5 498.22 1.05 2.80 5.88E-05 8.96E-03 2.73 3.03E-02
23 2.52 5 573.60 1.10 2.55 5.63E-05 8.57E-03 2.51 2.79E-02
24 2.36 5 417.68 0.99 2.40 4.77E-05 7.26E-03 2.35 2.61E-02
25 2.91 5 396.54 0.98 3.00 5.88E-05 8.94E-03 2.90 3.22E-02
26 4.05 5 363.70 0.96 4.00 7.65E-05 1.16E-02 4.04 4.48E-02
27 2.89 5 632.90 1.14 2.90 6.64E-05 1.01E-02 2.88 3.20E-02
28 2.11 5 636.93 1.15 2.20 5.05E-05 7.69E-03 2.10 233E-02
29 2.83 5 752.65 1.23 2.90 7.13E-05 1.08E-02 2.82 3.13E-02
30 3.56 5 532.70 1.07 3.50 7.52E-05 1.15E-02 3.55 3.94E-02

EV-91 10.85 5 233.70 0.87 11.00 1.90E-04 - -

3:::247E43:
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Table A.2.9 : Experimental results (Continue)

Tube No. Avg. time Mass Collecting Gas film flow Total TMOS Avg. Rate of TMOS Rate

(min) (g) vol. (ml) (ml/min) in periods formation (mole/ min) (mmol/tnin)

1 5 4.31 4.20 35.7 3.41E-04 3.41E-05 3.41E-02

2 15 4.87 4.80 33.8 2.55E-04 2.55E-05 2.55E-02

3 25 3.81 3.75 32.7 2.00E-04 2.00E-05 2.00E-02

4 35 3.49 3.50 33.8 1.76E-04 1.76E-05 1.76E-02

5 45 3.58 3.50 33.5 1.38E-04 1.38E-05 1.38E-02

6 55 3.00 3.00 32.3 1.24E-04 1.24E-05 1.24E-02

7 65 2.91 2.90 33.2 1.19E-04 1.19E-05 1.19E-02

8 75 4.06 4.00 32.6 1.15E-04 1.15E-05 1.15E-02

9 85 4.15 4.10 31.8 1.13E-04 1.13E-05 1.13E-02

10 95 3.79 3.70 32.4 1.02E-04 1.02E-05 1.02E-02

11 105 2.75 2.80 33.1 8.36E-05 8.36E-06 8.36E-03

12 115 2.56 2.60 34.9 7.34E-05 7.34E-06 7.34E-03

13 125 3.98 3.90 32.9 9.72E-05 9.72E-06 9.72E-03

14 135 3.72 3.70 31.6 8.64E-05 8.64E-06 8.64E-03

15 145 3.27 3.30 31.3 8.64E-05 8.64E-06 8.64E-03

16 155 3.20 3.20 34.1 6.72E-05 6.72E-06 6.72E -03

17 165 3.06 3.10 33.1 7.79E-05 7.79E-06 7.79E-03

18 175 2.94 3.00 33.5 6.37E-05 6.37E-06 6.37E-03

19 185 3.48 3.45 35.6 7.26E-05 7.26E-06 7.26E-03

20 195 3.80 3.80 32.8 8.19E-05 8.19E-06 8.19E-03

21 205 3.28 3.30 32.8 7.21E-05 7.21E-06 7.21E-03

22 215 2.74 2.80 33.5 5.88E-05 5.88E-06 5.88E-03

23 225 2.52 2.55 34.9 5.63E-05 5.63E-06 5.63E-03

24 235 2.36 2.40 32.7 4.77E-05 4.77E-06 4.77E-03

25 245 2.91 3.00 32.7 5.88E-05 5.88E-06 5.88E-03

26 255 4.05 4.00 36.9 7.65E-05 7.65E-06 7.65E-03

27 265 2.89 2.90 30.6 6.64E-05 6.64E-06 6.64E-03

28 275 2.11 2.20 29.8 5.05E-05 5.05E-06 5.05E-03

29 285 2.83 2.90 38.9 7.13E-05 7.13E-06 7.13E-03

30 295 3.56 3.50 32.9 7.52E-05 7.52E-06 7.52E-03

EV-91 - - 27.45 31.0

12730 3.11E-03
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Table A.2.9 : Experimental results (Continue)

Tube Mole of TMOS Unreacted DMC Mole DMC reacted Total DMC flow Total DMC flow
(mol in 10 min) (mol in 10 min) (mol in 10 min.) (mol in 10 min) (mmol/min)

1 3.41E-04 4.73E-02 6.83E-04 4.80E-02 4.802 2.55E-04 5.36E-02 5.10E-04
-

5.41E-02 5.41
3 2.00E-04 4.20E-02 4.01E-04 4.24E-02

-
4.24

4 1.76E-04 3.84E-02 3.51E-04 3.88E-02 3.88
5 1.38E-04 3.95E-02 2.76E-04 3.98E-02 3.98
6 1.24E-04 3.31E-02 2.47E-04

-
3.33E-02 3.33

7 1.19E-04 3.21E-02 2.37E-04 3.23E-02 3.23
8 1.15E-04 4.49E-02 2.30E-04 4.51E-02 4.51
9 1.13E-04 4.59E-02 2.25E-04 4.61E-02 4.61
10 1.02E-04 4.19E-02 2.04E-04 4.21E-02 4.21
11 8.36E-05 3.04E-02 1.67E-04

-
3.06E-02 3.06

12 7.34E-05 2.83E-02 1.47E-04 2.84E-02 2.84
13 9.72E-05 4.40E-02 1.94E-04 4.42E-02 4.42
14 8.64E-05 4.12E-02 1.73E-04 4.13E-02 4.13
15 8.64E-05 3.62E-02 1.73E-04 3.63E-02 3.63
16 6.72E-05 3.54E-02 1.34E-04 3.55E-02 3.55
17 7.79E-05 3.38E-02 1.56E-04 3.40E-02 3.40
18 6.37E-05 3.25E-02 1.27E-04 3.27E-02 3.27
19 7.26E-05 3.85E-02 1.45E-04 3.87E-02 3.87
20 8.19E-05 4.20E-02 1.64E-04 4.22E-02 4.22
21 7.21E-05 3.63E-02 1.44E-04 3.64E-02 3.64
22 5.88E-05 3.03E-02 1.18E-04 3.04E-02 3.04
23 5.63E-05 2.79E-02 1.13E-04 2.80E-02 2.80
24 4.77E-05 2.61E-02 9.54E-05 2.62E-02 2.62
25 5.88E-05 3.22E-02 1.18E-04 3.23E-02 3.23
26 7.65E-05 4.48E-02 1.53E-04 4.50E-02 4.50
27 6.64E-05 3.20E-02 1.33E-04 3.21E-02 3.21
28 5.05E-05 2.33E-02 1.01E-04 2.34E-02 2.34
29 7.13E-05 3.13E-02 1.43E-04 3.14E-02 3.14
30 7.52E-05 3.94E-02 1.50E-04 3.95E-02 3.95

111.09

Average DMC flow 3.70
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Appendix 3

Data Analysis Procedures
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The Calculations of the Mass Transfer Limitation

For DMC gas which is a polar gas and has the hydrogen-bonding, Tr < 2.0:

where =

=

M =

T, =

Pc =

Zc =

Tr =

( 0.775T,-0.055)Zc-514 (A.3.0"6)

gas-viscosity parameter

Tc1/6m-1/2pc-2/3
(A.3.2)(36)

molecular weight of DMC (g.mol)

critical temperature ( °K)

critical pressure (atm)

critical compressibility factor

reduced temperature

The critical compressibility factor Zc is obtained from Tc, Pc, and Vc as follows:

Ze = PcVATc (A.3.3)(36)

where Vc = critical volume (cm3/mol)

gas constant (cm3 atm/mol °K)

From equation A.3.3, the critical variables of organic compounds are best

estimated from Lydersen's correlation by using Lydersen's group contributions of critical-

property increments. Thus

Tc Tb (A.3.4)(36)
0.567 + 1AT /AT)2

where AT = Lydersen's critical-temperature increment
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Tb = normal boiling point of DMC ( °K)

From Table 3-330(36), Tc can be calculated as

Tc 363 (A.3.5)(36)
0.567 + 0.101 (0.101)2

So 551.84 °K

where

For the critical volume of DMC:

Vc = 33.04 + ( M; x AV; )1'029 (A.3.6)(36)

AVi = volume contribution of group i

From Table 3-330(36), Vc can be calculated as

33.04 + [(2x15x2.888)+(2x16x0.79)+(28x1.5)]1.029

So Vc = 211.2 cm3/mol

For the critical pressure of DMC:

where

PC M
(0.34 + Lelp)2

A1, = pressure contribution of group i

From Table 3-330(36), Pc can be calculated as

90
[0.34+(2x0.227)+(2x0.12)+0.212

59.1 atm

(A.3.7)(36)

Therefore, the critical compressibility factor Zc can be calculated by inserting

the values of Tc, Vc , and Pc into equation A.3.3.



(59.1 atm) x (211.2 cm3/mol)
(551.84 °K) x(82.06 cm3 atm/mol °K)

So Zc = 0.276

From equation A.3.2, gas-viscosity parameter can be calculated as follows:

(551.84)116x(90)-1x(59.1)-2/3

So 0.02

In addition, the reduced temperature T, is given by

T, = T / Te (A.3.8)(36)

363 / 551.84

So Tr = 0.66

In order to obtain gas viscosity the values of Tr, and Zc are inserted into

equation A.3.1:

(0.02)x µ = [(0.755x0.66)-0.055]x(0.276)-514

110.8 vP

Since 1 cP = 10-3 N.s/m2

Thus µ = 1.1x10-5 N.s/m2 (Pa.$)

The diffusion coefficient for a binary mixture of gases DMC and He may be

estimated from the Fuller, Schettler, and Giddings relation as:

where

DDMC-He

MDMC

= 0'T1.75[(Mume+mHe)/ MDMCXMHe]
1/2

pxnv)1/30mc
(Zv)11314.12

molecular weight of dimethyl carbonate

(A.3.9)(36)
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MHe

V

P

molecular weight of helium

atomic diffusion volume

pressure (atm)

At the reaction temperature and atmospheric pressure, DDMC-He can be estimated as

followed:

10-3x573135x[(90+2)/(90x2)]1/2

lx[{(16.5x3)+(5.48x3)+(1.98x6)11/3 + 12.8814312

1.48 cm2/s
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In the packed bed reactor, the relationship between the superficial and the average

gas velocity can be written as

UXE (A.3.10)(38)

where um = superficial gas velocity (m/s)

average gas velocity (m/s)

void fraction in the packed bed

The superficial gas velocity, xi..., the volumetric flow rate of gases divided by the

cross-sectional area of empty reactor tube at 300 °C as

total volumetric flow rate of gases (cm3/s)
cross-sectional area of empty reactor (cm2)

Cross-sectional area of empty reactor tube is 1.27 cm2

Based on the experimental results of 3-g BG-DMC reaction at 300 °C, the superficial gas

velocity can be estimated as:

(273.4 cm2/min)

(1.27 cm2)
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3.6x10-2m/s

The gas density (DMC), p, can be calculated, based on the ideal gas assumption at

300 °C and 101.3 KP, as follows:

PV = RT (A.3.11)(36)

where V = vapor density (m3/mol)

Appling the molecular weight of DMC = 90.08 g/mol, the vapor density of DMC is

obtained.

Also,The apparent particle density can be estimated by

where

PP

PP

Ev

p><Ev

apparent particle density (kg/m3)

silicon-fine density (kg/m3)

volume fraction of particle

Analytical Composition of Silicon fines

Analytical composition of 3 g BG: 53 % wt Si, 11 wt SiO2

53
Mass of Si = 100 x 3 = 1.59 g.

Mole of Si
Mass of Si

MW. Si
1.59

28 = 5.7x10-2

(A.3.12)(34)



Mass of Si02 =
114

11

100
x 3 = 0.33 g.

Mass of Si02 0.33
Mole of Si02 = 5.5x10-3

MW. Si02 60

Total mole of Si and Si02 = 5.7x10-2 + 5.5x10-3

= 6.25x10-2




