
Ultrapurification of SiCI, by Photochlorination 
in a Bubble Column Reactor 

The development and performance of a bubble column photoreactor 
for ultrapurification of SiCI, is described. Trichlorosilane (SiHCI,), the 
principle contaminant in SiCI, commercially available for use in optical 
fiber manufacture, is converted to SiCI, and HCI by UV-initiated photo- 
chlorination. Studies of the homogeneous photochlorination kinetics 
and of CI, gas absorption in a bubble column were undertaken. In addi- 
tion, an extensive set of data was collected from continuous-flow bubble 
column reactor (BCR) runs. The rate of photochlorination in the BCR was 
found to be mass-transfer-limited. A simple model of BCR performance, 
incorporating the effect of CI, mass transfer rate enhancement by chem- 
ical reaction, was tested that agrees well with the experimental data. 
The BCR was found to be operable over a wide range of SiHCI, concen- 
trations and SiCI, feed rates, and capable of lowering the concentration 
of SiHCI, in product to below measurable levels (< 1 ppm). 
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Introduction 
Silicon tetrachloride is the primary chemical used in fabrica- 

tion of optical fiber preforms by the process of Modified Chemi- 
cal Vapor Deposition (MCVD). Ultrahigh-purity reagents are 
required to produce low-attenuation lightguides by this tech- 
nique (MacChesney, 1980; Nagel et al., 1982). Epitaxial-grade 
SiCI,, a distillate by-product of the manufacture of trichlorosi- 
lane (SiHCI,) for the semiconductor industry, is the raw mate- 
rial commercially available in large quantities for MCVD pro- 
cessing. The major contaminant in , epitaxial-grade SiC1, is 
SiHCI,, which may be present in  concentrations up to 10,000 
ppm. In the MCVD process SiCI, vapor is reacted with 0, at 
high temperature (> 1,800 K) to yield CI, and SiO, particles, 
which are fused to form the lightguiding core of the optical fiber 
preform. If SiHCI, is present during this process, IR light- 
absorbing SiOH will also be formed which leads to IR signal 
attenuation in the product fiber. Trichlorosilane must therefore 
be removed from epitaxial-grade SiCI, in order to maximize the 
transmission of IR light in optical fibers produced by MCVD. 

In  response to the recent rapid growth in optical fiber manu- 
facturing, we have developed a relatively simple, yet robust, con- 
tinuous process for SiCI, ultrapurification. This process utilizes 
UV-initiated photochlorination of SiHCI, in the key purification 
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stage, as has been used in the industry for smaller-scale batch 
purification (Barns et al., 1980). The continuous process com- 
prises a vertically-sparged, cocurrent-flow bubble-column pho- 
toreactor and a packed-bed stripping column arranged in series. 
The reactor provides for CI, gas absorption and conversion of 
SiHCI, to SiCI, and HCI. The stripping column is used to desorb 
HCI and excess dissolved CI, from the reactor product by coun- 
tercurrent contacting wi th  N, gas. A heat exchanger down- 
stream of the bubble column regulates the temperature of the 
stripping column feed. A condenser is located on the gas outlet 
of the stripping column for recovery of SiCI, vapor. The HCI, 
CI,, and SiCI, entrained in the outlet N, stream are removed in a 
gas scrubbing system. Downstream from stripping, the purity of 
the treated SiCI, is continuously monitored by in-line IR  spec- 
trometry. Product exceeding the impurity limits for SiHCI, is 
automatically diverted back to the feed tank. 

While design information is readily available for the stripping 
and heat transfer aspects of continuous SiCI, purification, little 
information has been published on either SiHCI, photochlorina- 
tion chemistry or absorption of CI, gas in SiCI,, the two pro- 
cesses operative in the bubble column photoreactor. Martynov 
et al. (1966) have measured the solubility of CI, gas in SiCI,. 
The patent literature (Takamizawa et al.. 1978; Barns et al., 
1983) and a related article by Barns et al. ( 1  980) state the feasi- 
bility and general requirements for SiHC13 photochlorination 
and SKI, purification for optical fiber manufacture, without 
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describing in detail the physical chemical parameters of the 
reaction. Barns et al. (l980), indicating the liquid-phase reac- 
tion is quite rapid, hypothesize a free radical chain reaction 
involving H abstraction by atomic CI, formed in solution by the 
photodissociation of CI, with 330-nm light. Jung et al. (1984) 
have conducted a study of the kinetics of gas-phase SiHCI, pho- 
tochlorination, using the rotating sector technique. In their 
study, SiHCl I was used in great excess over CI,, and the reaction 
rate was found to be first order in CI, concentration and half 
order in absorbed light intensity. A chain mechanism was pro- 
posed, wi th  chain termination by coupling of SiCI, radicals, 
which yields the experimentally-observed rate expression when 
solved with the steady-state approximation. The work to date 
has not produced sufficient data for the engineering design of a 
heterogeneous reactor with photochlorination in the liquid 
phase. In this paper we report experimental studies of the homo- 
geneous liquid-phase photochlorination kinetics and of C12 gas 
mass transfer in a bubble column. We also present the results of 
an extensivc set of pilot-scale bubble column photoreactor runs. 
A simple reactor model is used to describe the operation of a 
bubble column photochlorination stage for the continuous SiCI, 
ultrapurification process. 

Experimental Studies 

Materials 
Epitaxial-grade SiCI, was obtained from Dow Corning in a 

stainless steel 210-L drum, pressurized under a blanket of N2 
(- 100 kPa gauge). The drum was equipped with a dip tube and 
two additional ports to allow venting and pressure transfer of the 
liquid contents. High-purity-grade (>99.9%) SiHCI, was ob- 
tained from Alfa Chemicals, and high-purity-grade CI, was 
obtained from Matheson Gas Products. Nitrogen used in con- 
tact with the SiCI, was dried using molecular sieves to prevent 
SiCI, hydrolysis. 

Chemical unalysis 
The concentrations of CI, and SiHCI, in SiCI, samples were 

determined by spectrophotometry. Concentrations reported in 
this work as parts per million (ppm) are based on the weight 
fraction (wt./wt.). Ultraviolet absorbance measurements of CI2 
concentration were made in a double-beam instrument (Isco; 
Model UA-5), with the light-source/absorbance-cell unit lo- 
cated in an exhaust hood. Flow-through absorbance cells, hav- 
ing 0.50-cni light path, were filled by syringe through Teflon 
tubing and purged with N 2  to empty. Standard CI, solutions 
were prepared by injecting CI, from a gas-tight syringe into 
sealed vials containing weighed amounts of SiCI,. For absorp- 
tion of 326-nm light the Beer-Lambert law was found applicable 
to CI, solutions limited to concentrations 4 0 0  ppm. The extinc- 
tion coefficient, tCir decreased with increase in C1, concentration 
above this level. The value of tC, for Cl, concentrations 4 0 0  
ppm was determined to be 53.18 L/mol/cm. In measuring CI2 
concentrations exceeding 500 ppm, sample dilutions were made 
until successive dilutions showed the linear Beer’s law behavior. 

The IR absorption band centered at  2,260 cm-’ was used to 
determine SiHCI,. Sample absorbances were measured using a 
Perkin Elmer Model 683 spectrometer. For the analysis of solu- 

tions containing less than 600 ppm SiHCI,, flow-through sample 
cells with 1.49 and 4.98 cm light paths were fabricated from 1.6- 
cm (5/8-in.) OD Monel tubing. Silver chloride windows were 
glued to the tube ends with epoxy. A Perkin Elmer sealed- 
demountable cell, with silver bromide windows and a light path 
adjustable from 0.001 to 0.079 cm, was used for the analysis of 
more concentrated SiHCI, solutions. The spectral absorbance 
was found to be linearly proportional to SiHCI, concentration 
up to 12,000 ppm, and the Beer’s law extinction coefficient, tSi, 

was measured as 74.1 9 L/mol/cm. 

Apparatus and procedures: photochlorination kinetics 
The stoichiometry and the effect of UV light intensity on 

homogeneous reaction kinetics were studied using a small tubu- 
lar flow reactor, consisting of a borosilicate glass tube centered 
within the cylindrical light well of a Rayonet photochemical 
chamber (Southern New England Ultraviolet Co.; Model RPR- 
100; fitted with RPR-3500A UV fluorescent lamps). Solutions 
of SiHCI, and CI, in SiCI, were fed to the reactor from a glass 
vessel pressurized with N2. The flow rate was controlled with a 
metering valve and monitored by rotameter. Reaction samples 
were taken through a solenoid diverter valve immediately down- 
stream from the reactor. The glass reactor tube had an internal 
diameter of 4.0 mm and a wall thickness of 1.2 mm. The tube 
was covered with fiberglass insulation and opaque tape, except 
for a straight 10.2-mm-long reaction section. A single flow rate 
of 37.8 mL/min was used, providing a residence time of 0.20 
second. The UV lamps used in this system provided radiation 
centered around 350 nm (black light). The intensity of near-UV 
light at the position of the reactor tube was varied from 0 to 
5,700 yW/cmZ, as measured with a Blak-ray intensity meter 
(UltraViolet Products; Model J-221), by adding or removing 
individual lamps within the light well. The radiation intensity 
was constant along the length of the reactor tube. 

The reaction rate dependence on Cl, concentration was stud- 
ied in batch mode using the analytical UV cell/spectrometer as 
the photoreactor. Starting solution was injected into the UV 
cell, and the disappearance of Cl, was continuously monitored as 
a function of batch reaction time, extending up to a maximum of 
600 seconds. The 326-nm light source of the spectrometer served 
both to initiate chlorine radical formation and to measure C12 
concentration. The reaction rate dependence on SiHCll concen- 
tration was also studied in batch mode, by filling an IR cell 
(1.49-cm light path) with starting solution and exposing it to 
UV light from a low-pressure mercury lamp for successive 15- 
second periods up to 150 seconds accumulated reaction time. 
After each exposure, the cell was placed in the IR spectrometer 
for SiHCI, analysis. The transmission of UV light through the 
cell was found to be stable during the course of a run. In control 
experiments, with exposure only to ambient room light, the 
SiHCI, concentration remained constant for up to 5 minutes. 

Apparatus and procedures: chlorine absorption and 
bubble column performance 

Figure 1 shows the design of the experimental bubble column 
system, which was erected within a large walk-in hood. Materi- 
als of construction for contact with SiCI, were Type 316 stain- 
less steel, borosilicate glass, and Teflon. The important physical 
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Figure 1. Experimental bubble column reactor system. 

design parameters of the bubble column reactor (BCR) and of 
the two CI, gas spargers tested with it are given in Table 1. 

Silicon tetrachloride was fed to the bubble column from a 
210-L stainless steel drum, fitted with a dip tube and vapor 
space ports, by pressurizing the drum with N2 to -100 kPa 
gauge. The SiCI, feed was doped with SiHCll from a small pres- 
sure transfer vessel. Homogeneity of the feed was ensured by 
sparging N, through the dip tube to mix the contents. Chlorine 
was metered into the bubble column through one of two dif- 
ferent types of gas sparger (see Table I ) .  The bubble column 
effluent was collected in a tank identical to the feed drum. After 
the SiCI, feed solution was exhausted, the bubble column 
effluent was stripped of HCl reaction product and excess Cl, 

Table 1. Bubble Column Reactor Design Features 

Column ID 
Height of UV Reactor Section 
Volume of UV Reactor Section 
Volume of Gas Sparger Section 
Column Wall Thickness 
Column Material 
Source for UV Illumination 

Perforated-Plate Sparger 

Porous Sparger 

0.10 m 
1.00 m 
7.85 L 
1.71 L 
0.006 m 
Borosilicate glass 
Two banks of dual 30-W UV Auo- 

rescent (black light) lamps, 
mounted 180° apart within an 
enclosure, spaced -2 cm from 
the column wall 

Perforated glass; twelve 0.24-cm- 
dia. circular holes 

Sintered glass; 145-175 pm pore 
size; 12.6 cm2 sintered glass 
sparging area . - -  
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using a nitrogen-fed column packed with glass Raschig rings 
and pumped back to the feed drum for reuse. The flow rates of 
SiCI,, C1, and N, were controlled and monitored using metering 
valves and rotameters. The BCR feed and reaction temperatures 
were measured with resistance temperature detector probes. 

Volumetric mass transfer coefficients for CI, gas absorption 
in SiCI, were determined batch-wise in the bubble column, 
using each of the two gas spargers described in Table 1. For 
these experiments, the temperature probe shown at  the top of 
the BCR in Figure 1 was replaced with a 0.32-cm ( I p i n . )  OD 
liquid-sampling tube, extending to the center of the BCR for 
sampling 0.63 m above the gas sparger. Chlorine gas flow rates 
of 0.74, 1.89 and 2.98 standard L/min were used, corresponding 
to superficial linear velocities, ug, of 0.001 5, 0.0037 and 0.0058 
m/s. At the start of an absorption run, the column was filled 
with 9.89 L SiCI,, for a liquid height above the sparger of 1.12 
m. After taking an initial liquid sample for C1, concentration, 
CI, gas was sparged for a measured period of time ( 1  minute for 
the two higher gas flow rates; 1 to 3 minutes for the lowest gas 
flow rate). Afterwards, the liquid contents were mixed by sparg- 
ing N, gas into the bottom of the column for 4 seconds. and then 
sampled for CI, concentration. Increasing the N2 sparging time 
from 4 to 10 seconds caused negligible change in the resulting 
CI2 concentration. The measured CI, concentrations were cor- 
rected for the dead volume below the gas sparger (0.96 L), so 
that the C,, concentrations used to calculate mass transfer coef- 
ficients reflect only the absorption volume above the sparger. 
The sparging/sampling procedure was repeated 10 to 13 times 
per batch of SiCI,. All runs were carried out a t  295 K in dupli- 
cate for each sparger design and gas flow rate combination. 

Similar experiments were run to determine the fractional CI2 
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gas holdup, tg, and to obtain an estimate of the bubble size. The 
measurements taken for calculation of tl were the heights above 
the sparger of quiescent liquid and of the gas/liquid mixture 
during sparging. The corresponding volumes for gas absorption, 
V, and V,, were determined by subtracting the dead volume 
below the sparger. The height of quiescent liquid was 1.12 m 
above the sparger for these runs. Bubble size was determined at 
the midpoint of the bubble column by photography, using a sin- 
gle-lens reflex camera. A 0.64-cm (0.25-in.) OD tube inserted 
into the bubble column, within the focused photographic range, 
was used to gauge the bubble size. For nonspherical bubbles, the 
individual size was taken as the average of the minimum and 
maximum bubble dimensions. The bubble-size distribution was 
not determined, and the values reported herein represent the 
arithmetic mean of those measured. 

In studies of reactor performance, the BCR was operated 
with cocurrent flow of liquid and gas, both entering near the bot- 
tom of the column. The disappearance of SiHCI, was used to 
gauge reactor performance under steady-state conditions. The 
existence of steady state was determined by the invariance of 
reaction temperature and of SiHCl, and CIz concentrations in 
consecutive reactor efRuent samples and was usually reached 20 
to 30 minutes from the start of a run. To begin a run, the empty 
reactor was filled with SiCI, which had been doped with the 
appropriate amount of SiHCI,. The UV lamps were then ener- 
gized, and the flows of SiC14 and CI2 were initiated and stabi- 
lized. After the first steady-state result was measured, up to 
three additional steady states from the same SiC14 feed were 
obtained by altering the U V  light intensity or the CI2 gas flow 
rate. The light intensity was varied by energizing none, one or 
two of the banks of UV lamps housed within the bubble column 
lamp enclosure. Room temperature air was injected into the 
annular space between the column and lampenclosure walls at a 
rate of -7.6 m'/h for cooling. The reactor temperature was 
monitored with an axial probe, located within the photochlorina- 
tion section of the bubble column. The temperature of SiCI, fed 
to the BCR was -297 K. Liquid samples were taken from ports 
located just upstream and downstream of the reactor. 

Results and Discussion 
Photochlorination kinetics 

The chemical kinetic studies were carried out at 296 K. The 
photochlorination stoichiometry was determined from flow ex- 
periments in which both the CIz and SiHCl, concentrations were 
measured. The two species were found to react in equimolar 
amounts, within experimental uncertainty (mole ra- 
tio = 1.01 2 0.11) so that the overall liquid-phase reaction may 
be adequately described by, 

hu 
SiHCl, + C12 - SiC14 + HCl (1) 

The dimer Si2CI,, which could be formed by combination of 
SiCI, radicals (Jung et al., 1984). was not observed in the IR 
spectra from any of the photochlorination reaction mixtures. 

The results of batch kinetic runs were analyzed using the fol- 
lowing rate expression: 

where Ccl and C, are the molar concentrations of C12 and 
SiHCI, in SiCI4. The method of excess was used to determine the 
exponents a and @. Time-concentration data were taken for one 
reactant, while maintaining the concentration of the other reac- 
tant essentially constant by using it in -25-fold molar excess. 
The starting concentration of the species to be measured was 
kept in the range of 300 to 500 ppm. For example, in the deter- 
mination of @, Fq. 2 reduces to 

The experimental data were compared to the integrated forms 
of Eq. 3 for half-integral values of j3 ranging from '/2 to 2. The 
exponent was determined from the best data fit (least squares 
linear regression) to the integrated rate equations. The values of 
a and @ were found to be '/2 and 1, respectively, yielding the 
expression, 

rate = kC;/2Ccl (4) 

Figures 2 and 3 show typical time-concentration experimental 
data for SiHCI, and Clz, along with the data fit using Eq. 4. 

Assuming 1:l  reaction stoichiometry (CCl, - CCl - 
C,, - Csi), Eq. 4 may be integrated to yield the following: 

for Ccl, > Csic and 

where r is the residence time, and i andfdenote initial and final 
conditions. These equations were used to evaluate k, from flow 
reaction data, for UV light intensities incident upon the reactor 
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& 300 
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TIME, s 
Figure 2. Time-concentration data for SiHCIJ photochiorl- 

nation In excess CI,. 
Experimental points and data fit for a - $ (solid line) 
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500 r-----l reactor, f,, is related to I,,,  as 

0 2 00 400 600 
TIME, s 

Figure 3. Time-concentration data for SiHCI, photochlori- 
nation in excess SiHCI,. 
Experimental points and data fit for f l -  1 (solid line) 

tube wall, I,, ranging from 0 to 5,700 pW/cmZ. In these experi- 
ments, the uncertainties in measured Cl, and SiHCI, concentra- 
tions were - 2 10% and 5%, respectively, leading to a maxi- 
mum uncertainty in the calculated k values of -+SO%. The 
value of k was found to be linearly proportional to I,!/', as shown 
in Figure 4. The slope of the solid line (data fit) in Figure 4 
yields a value of 1.17 (L/mol)'~Z/(pW/cm2)1/Z/s for k', in the 
expression, 

rate = k'I!!2C~(2CCI (7) 

No reaction was observed in the total absence of UV irradiation. 
In  these light intensity experiments, the concentration of Cl, in 
the reactor feed was less than 500 ppm. Both the absorption of 
incident light and the CI2 concentration change in the 4-mm ID 
reactor tube were small. In this case, the overall measured reac- 
tion rate may be equated to the radially-dependent local rates 
averaged over the reactor diameter solely with respect to light 
intensity. Using the diffuse light irradiation model of Matsuura 
and Smith (1970) for the approximation of no light attenuation, 
the radially-averaged light intensity over the cross section of the 
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In addition, under these experimental conditions the radially- 
averaged absorbed light intensity, i,, and fr are related as 

Then, the reaction rate equation may be written as follows: 

with k" having a value of 0.1 13 (cm3/pW)/s. The C1, concentra- 
tion is restricted to 500 ppm or less for this equation to be valid. 

The relationship in Eq. 10 is consistent with a free radical 
chain reaction mechanism initiated by light absorption and ter- 
minated by bimolecular coupling of the active chain carriers 
(Calvert and Pitts, 1966). According to this analysis, the true 
reaction order with respect to CI2 is I/,. and the apparent CI, 
reaction order of 1 given in Eqs. 4 and 7 is due to the dependence 
of f, on Cc, in  Eq. 9, which holds for CI, concentrations 5500 
ppm according to Beer's law. This result is in contradiction to 
the findings of Jung  et al., who report an overall gas-phase 
photochlorination rate that is proportional to the product 
( I : / ,  . C,,), when the SiHCI, pressure is much greater than the 
C1, pressure. To our knowledge, the reaction orders for CI, and 
SiHCI, given in Eq. 10 cannot be derived from a simple mecha- 
nism based on a single termination step. The absence of Si,CI, 
reaction product and the existence of 1 : 1 CI2:SiHCl3 photochlo- 
rination stoichiometry indicate that termination involving two 
SiCI, radicals is probably not occurring, as claimed in the gas- 
phase reaction mechanism proposed by Jung et al. 

Chlorine gas absorption 

ing relationship for mass transfer: 
The CI, gas absorption data were analyzed using the follow- 

where 

K g  = overall mass transfer coefficient based on the pressure 
driving force 

a = specific interfacial area 
PCl = partial pressure of CI, in the gas phase 
C,  = total liquid-phase concentration of all species 
H = thermodynamic Henry's law coefficient for CI, gas solu- 

bility in SiCI, 

The value of H(kPa) can be obtained from the relation, 

( 1 2 )  

where Tis  the absolute temperature (Martynov et al., 1966). At 
101.3 kPa ( I  atm) and 298 K, the maximum solubility of Cl, in 
SiCI, is 0. I48 mol fraction, or 67,600 ppm. For the 1 : 1 photo- 
chlorination stoichiometry 5,240 pprn CI, is needed to react with 
10,000 ppm SiHCI,. Mass transfer was studied for CI, concen- 

H = 101.3 ]0(-924/T+3.93) 
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trations up to 4,790 ppm, and the measured mass transport rates 
were found to be independent of C12 concentration in this 
range. 

Under the assumptions that column operation is isothermal 
and that the specific molar volume of a dilute CI2/SiCI, solution 
is equal to that of pure SiCI4, Eiq. 11  may be integrated and 
solved for the volumetric mass transfer coefficient, K 8 :  

1.0 

0.8 

(u 

9 \"" 

0.2 

0.0 

where t is the run duration and C" is the molar density of pure 
SiCI,. The value of tg was found from experimental data by the 
relationship, tg := (V, - V l ) /  Vr. The partial pressure of C1, gas 
was taken as 109.4 kPa, the arithmetic mean of pressures a t  the 
top and bottom of the liquid column. The value for C" at  295 K 
is 8.71 mol/L. 

The mass transfer experiments were carried out nominally 
within the "quiescent bubbling" flow regime, which is encoun- 
tered for superficial gas velocities ug < 0.05 m/s in many sys- 
tems where the liquid-phase viscosity is water-like. This regime 
is normally characterized by the presence of uniformly-sized 
bubbles having equal radial distribution. Although homoge- 
neous bubble distribution was not rigorously verified, homo- 
geneity was visually apparent for ug 2 0.0037 m/s using the por- 
ous sparger, and for ug = 0.0058 m/s using the perforated-plate 
sparger. For smaller ug, the bubble distribution was obviously 
nonhomogeneous, with bubbles tending to rise in a column sepa- 
rated from the walls. Bubble size using the porous sparger (0.5 
to 2 mm) was smaller than that using the perforated plate 
sparger ( 3  to 7 mm) for each gas velocity tested. 

Table 2 summarizes the results of the mass transfer experi- 
ments. The overall mass transfer coefficient Kg is related to the 
individual coefficients by the following: 

gg = b'ut 

o POROUS SPARGER 
b'= 0.062, n'= 0.45 

PLATE SPARGER 
bI.0.233, nI.0.75 

- 

- 0 PERFORATED 

1:::; 
- 

4- 1 I I I I 

where k ,  and k ,  are the individual mass transfer coefficients 
based on gas-side and liquid-side bulk/interfacial concentration 
differences, and H' is the Henry's law coefficient in units of 
kPa . (L/mol)(=H/C"). Mass transfer resistance in the gas 
phase is negligible due to the use of pure C12 gas, thereby reduc- 
ing Eq. 14 to, 

Table 2. Mass Transfer Experimental Results 
~ 

% Gas K,", kia % 
f, ( x 1 02) Sparger Design (x  10 ) ( x lo') ( x  10') 

0.74 0.15 0.33 0.24 0.18 
1.89 0.37 1 Perforated plate 0.79 0.58 0.36 
2.98 0.59 1.38 1.01 0.5 1 

0.74 0.15 0.50 0.37 0.32 
1.89 0.37 1 Porous 1.27 0.93 0.47 
2.98 0.59 2.03 1.48 0.61 

kla = bu: 
2 .o ~ 

o POROUS SPARGER 
b.0.025, n=l .OO 

0 PERFORATED 
1.5- PLATE SPARGER 

I b.0.018, n.1.02 r 

In 

0.5 

0.0 
0. I 0.3 0.5 0.7 

lo2 ug, ms-'  

Figure 5. Plot of Eq. 16, k,a vs. u, for porous and perfo- 
rated plate spargers. 
With experimental data included 

and enabling calculation of k,a. The data for k p  were fit to a 
correlation of the type, 

after Deckwer et at. (1974), where b and n are empirical con- 
stants. Figure 5 presents the experimental data and plots of Eq. 
16 for both spargers. The value of kla depends strongly on both 
gas superficial velocity and sparger design. The rate of physical 
absorption of CI2 gas increases with ug and is higher for the por- 
ous sparger than for the perforated plate sparger. The net C12 
gas absorption for each gas flow rate is -95% using the porous 
sparger and -62% using the perforated plate sparger. 

The data for tg were also fit to an equation of the form, 

where b' and n' are constants (after Shah et at., 1982). Figure 6 

7 

Figure 6. Plot of Eq. 17, tg vs. u,, for porous and perfo- 
rated plate spargers. 
With experimental data included 
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presents these data and plots of Eq. 17 for both spargers. 
Although the values of es are very small due to both the high rate 
of CIz absorption and the low superficial gas velocities used, they 
are also dependent on sparger type and ur 

Bubble column reuctor performance 
Continuous-flow photochlorination experiments were carried 

out using the BCR either with the perforated-plate sparger or 
the porous sparger. Table 3 lists the reaction conditions and 
results of 14 runs, including the increase in temperature, the 
concentrations of SiHCI, and Clz in the feed and product, the 
volumetric feed rates of SiCl, and C12 gas, and the molar feed 

ratio of CI,: SiHCIp The flow rate of effluent Cl, gas was calcu- 
lated from a mass balance on the measured CI2 and SiHC13 
flows, accounting for the disappearance of CI2 by reaction 
according to Eq. 1. In these runs, the C12 gas outflow was found 
to vary from 5 to -9  mmol/min, values of which are indistin- 
guishable from zero within the accuracy of the calculation. 
For a CI2:SiHCI3 molar feed ratio s 1, all the CIz gas fed is con- 
sumed by reaction. For a molar ratio >1, the excess C12 gas is 
completely absorbed into solution. Only in run 15-a, where there 
is no direct UV illumination, is C12 detected in appreciable 
amounts in reactor effluent containing SiHC13. This indicates 
that, in the presence of chemical reaction and for the UV light 

Table 3. Reaction Conditions and Results for Continuous-Flow BCR Photochlorination Experiments 

Feed Rate Feed Conc. Fed Ratio Product Conc. 
(L/min)+* ( P P d  (molar) ( P P d  

2-a(4) 
2-b(4) 
2-~(4) 
2-d(4) 

3-a(2) 
3-b(2) 
3 4 4 )  
3-d(4) 

4-a(2) 
4-b(4) 
4-44] 
5-a(4) 
5-b(4) 

6 4 2 )  
6-b(4) 
6 4 4 )  
7-a(4) 
7-b(4) 
7 4 4 )  

8-a(4) 
8-b(4) 

9-a(4) 

IO-a(4) 
IO-b(4) 
1o-c(4) 
1 I-a(4) 
I 1 -b(4) 
I 1444) 

12-a(4) 

9-b(4) 

12-b(4) 
12-~(4) 

13-a(4) 
13-q4) 
13-44) 

14-a(4) 
14-b(4) 
l4-c(4) 

15-a(0) 
15-b(2) 
1544)  

I .03 

I .03 

1.55 

1.55 

I .03 

I .03 

I .03 

1.03 

I .03 

1.03 

1.03 

1.03 

I .03 

1.03 

2.75 
2.98 
3.45 
3.14 

2.98 
2.60 
2.60 
2.78 

3.98 
3.98 
4.22 

4.46 
4.79 

1.51 
1.51 
1.69 

1.89 
2.10 
2.52 

0.24 
0.27 

0.10 
0.12 

0.08 
0.13 
0.16 

0.08 
0.12 
0.14 

0.29 
0.33 
0.37 

1.51 
I .69 
1.83 

2.03 
2.38 
2.75 

0.7 I 
0.7 I 
0.7 I 

1 1,248 

10,505 

10.607 

11,714 

6,134 

7,422 

980 

380 

382 

399 

1,109 

6,292 

9.1 10 

2,822 

98 

34 

33 

18 

26 

49 

25 

49 

64 

67 

42 

39 

21 

116 

0.92 
0.99 
1.15 
1.04 

1.05 
0.91 
0.91 
0.98 

0.92 
0.92 
0.98 

0.93 
1 .oo 
0.91 
0.91 
1.02 

0.95 
1.06 
1.26 

0.96 
1.06 

1.26 
I .37 

1.12 
1.54 
I .88 

1.07 
1.38 
1.60 
1.03 
1.16 
1.30 

0.89 
I .oo 
1.09 

0.82 
0.96 
1.12 

0.99 
0.99 
0.99 

1,122 
310 

0 
0 

0 
559 
422 

0 

617 
539 
161 

580 
0 

593 
424 

0 

445 
0 
0 

84 
0 

0 
I5 

100 
0 
0 

I37 
0 
0 

17 
0 
0 

570 
0 
0 

1,423 
254 

0 

2,285 
64 

103 

0 
8 

610 
142 

345 
5 
0 

106 

19 
19 
17 

21 
28 1 

20 
24 
27 

33 
246 

1,111 

0 
26 

63 
65 

66 
83 

145 

43 
77 

1 I6 
8 

100 
210 

19 
0 

250 

0 
0 

399 

1,510 
82 
86 

19 
21 
22 
21 

20 
18 
18 
20 

19 
19 
21 

23 
24 

I I  
12 
13 

14 
15 
15 

3 
3 

2 
2 
2 
2 
2 

2 
2 
2 

3 
3 
4 

12 
13 
13 

15 
18 
18 

0 
6 
6 

*RUN 2-IOemploy the perforated pl.terp.rgq NN 11-15 employ the purous aparger; the number in prenthcsa indicates the number of UV lamp wed. 
**nK p s  fad rate is given at 101 kpI. 295 K. 
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intensities used, the overall rate of SiHCI, conversion is con- 
trolled by the absorption rate of CI, gas. 

The experimental results for mass transfer without chemical 
reaction indicate a higher C1, gas absorption rate with the por- 
ous sparger than with the perforated-plate sparger. However, a 
comparison of runs with approximately equal starting concen- 
trations of SiHCI, (runs 6 vs. 13; 8 vs. 12; 10 vs. 11) shows that 
there is virtually no difference in BCR performance using either 
of the two types of sparger. This may be explained by the com- 
bined action of two phenomena modifying CI, gas absorption 
occurring simultaneously with SiHCI, photochlorination. First, 
the SiCI, used is saturated with N, as a result of shipping and 
storage under a N, gas blanket (-100 kPa gauge). During reac- 
tion, extensive nitrogen bubble formation occurs throughout the 
liquid, resulting from desorption due to depressurization (col- 
umn pressure is -5 kPa gauge) and temperature rise. The in situ 
evolution of nitrogen bubbles perturbs the CI, gas bubble swarm 
and mixes the reaction mixture, tending to equalize the results 
obtained with either sparger. Second, mass transfer may be 
enhanced when accompanied by a fast chemical reaction. In 
addition to increasing the intrinsic mass transfer rate, the chem- 
ical reaction effectively reduces the bulk liquid-phase CI2 con- 
centration, providing a larger concentration-gradient driving 
force for absorption (Astarita et al., 1983). 

Runs 3,4 ,6  and 15 demonstrate the effect of UV light inten- 
sity on the BCR photochlorination rate. Reduction of incident 
U V  intensity from 3,080 pW/cmZ (four UV lamps) to 1,540 
pW/cm2 (two UV lamps) has very little effect on the concentra- 
tion of SiHCI, in the reactor product. The largest difference 
occurs in run 6, where reduction of the UV intensity results in a 
product SiHCI, concentration 169 ppm higher. The extreme 
sensitivity of this system to very low levels of UV irradiation 
may be seen in run 15, where 19% conversion of SiHCI, is 
reached without use of the UV lamps. Stray room light is 
responsible for this result, since thermal or dark reactions were 
found to be negligible. Unlike the small reactor used for the 
kinetic studies, it was impossible to completely shield the BCR 
from room light 

The performance limit of the BCR has not been exceeded in 
these runs. Under the most demanding conditions used (run 5 ) ,  
with a SiCI, flow rate of 1.55 L/min and SiHCI, feed concentra- 
tion of 11,714 ppm, a CI2:SiHCI3 molar feed ratio of 1.001 is 
sufficient to reduce the product SiHCI, concentration to below 
measurable levels. The CI2 gas flow rate used in this run is 4.79 
standard L/min. The BCR performance is just as efficient at 
the lowest liquid (1.03 L/min) and gas flow rates (0.084.16 
standard L/min) used, as indicated by the results of runs 9, 10 
and 1 1 .  Our findings indicate that the molar feed ratio of 
CI,:SiHCI, is the key variable for conversion of SiHC1, in this 
size reactor and for these flow rates. In most cases, a flow of CI, 
gas slightly in excess of stoichiometric results in complete con- 
version of SiHCI,. 

A simple model of steady-state BCR performance was formu- 
lated from the material and energy balance for an ideal mixed 
reactor. In  this analysis, the column is broken up into two sec- 
tions: the sparger section below the UV lamps, where only mass 
transfer occurs; and the reactor section which is directly exposed 
to UV light. 

The set of equations used to model the reactor section fol- 
lows: 

(Cs,., - CSJQ = VR( 1 - t8)kotZ?~~’zC#2Cc~ ( 1  8) 

Pcl - - H ( :) 

i = inlet to the reactor section 
Q = volumetric flow rate of SiCI, 

V, = reactor section volume 
p = SiCI, mass density 

cp = SiCl, heat capacity 
AHR = enthalpy of reaction 

Uid, Aid = overall heat transfer coefficient and area based on the 

ATL = log mean temperature driving force for heat transfer 
inside column diameter 

from the column 

The values of Kp and t8 are obtained from the Cl, gas superfi- 
cial velocity at column pressure and temperature, according to 
Eqs. 15, 16 and 17. The concentration of dissolved C1, entering 
the reactor section is found from the rate of physical absorption 
of CI, gas in the sparger section: 

where Vs is the sparger section volume. 
The model assumes perfect mixing in the liquid phase, negli- 

gible resistance to gas-phase mass transfer, and negligible vapor 
pressure for SiHCI, and SiCl,. The chemical reaction rate term, 
k o t ~ ~ ~ ~ ~ z C ~ z C c l ,  is obtained from Eqs. 9 and 10. Therefore, the 
model pertains only to conditions under which the dissolved CI2 
concentration in the reactor is 5500 ppm. The value off:” is 
calculated as a function of I,, Ccl, and reactor diameter, using 
the diffuse light irradiation model as described by Matsuura and 
Smith (1970). In this way, the reaction rate term is explicitly 
dependent upon these variables. Due to the lack of precise infor- 
mation on the bubble-size distribution and velocities and due to 
the lack of a suitable theoretical model (Alfano et al., 1986). the 
influence of bubble-induced light scattering on the absorbed 
intensity has not been incorporated in the BCR model calcula- 
tions. In addition, the model does not account for the appre- 
ciable gas shrinkage expected from the high rate of CI2 absorp- 
tion. Nor does it directly account for any of the effects of Nz gas 
desorption during reaction. However, Nz outgassing signifi- 
cantly increases the level of agitation in the reactor, strengthen- 
ing the assumption of perfect mixing. Nitrogen outgassing 
reduces the validity for application of the axial dispersion mix- 
ing model, which is normally applied to bubble-column perfor- 
mance in the quiescent bubbling flow regime (Deckwer et al., 
1974; Szeri et al., 1976). 

Table 4 lists the numerical values of parameters used for solu- 
tion of the model equations. The value of H varies with tempera- 
ture according to Eq. 12. The SiC1, mass density p and molar 
density C” depend upon temperature as shown in Table 4 
(Washburn et al., 1928). The mass transfer coefficient K p  is 
assigned a temperature proportionality of T2l3. The lack of an 
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Table 4. Numerial Values of BCR Model Parameters 

4000 3ooo 
E a. 
Q 

5 2000- 

1000 

/, (4 UV lamps) 
I ,  (2 UV lamps) 

3,080 pW/cm' 
1,540 pW/cm' 
7.85 L 

Exper imenta I Predicted 
- , 0 Csi - Csi, ivmode' stoichiometry- 2ooo 

- - 1500 -.- Ccl, model 

E 
P 

/ *  L 1000 2 
/ *  

* / *  
- 500 

.I 0 
- 

/ 

1.77 L 
0.1 13 (cm'/pw)'''/s 
53.18 L/mol/cm 
1.524-(1.975 x IO-')T- 

(7.14 x ~ O - ~ ) T ~  - (4.9 1 0 - ~ ) 7 - ~  
(where Tis in "C), kg/L 

842 J/kg/K 
254.1 kJ/mol 
9.8 J/m2/K/s 

activation energy for the chemical reaction rate is not expected 
to significantly alter the outcome of the model, due to the 
observed mass transfer control of the BCR photochlorination 
rate for the UV light intensities used. The heat transfer coeffi- 
cient U,d is calculated from the cooling gas heat capacity, flow 
rate, and inlet/outlet temperatures, and from the reactor tem- 
perature measured for the BCR runs. The heat of reaction is cal- 
culated from heat of formation data (Karapet'yants, 1970). The 
heat capacity of SiC1, is taken from a Dow Corning publication 
(Dow Corning, 1981). Heat input, due to radiation from the UV 
lamps, is negligible, as evidenced by the experimental finding of 
an immeasurable temperature rise under flow conditions with no 
reaction. 

The model, Eqs. 18 through 20, was solved numerically. 
Representative results are shown, in comparison with experi- 
ment, in Table 5 and in Figures 7 and 8. In Table 5, the experi- 
mental reactor volume is compared with the reactor volume 
predicted for selected BCR runs, using both the porous and per- 
forated-plate spargers. While the actual value of V, is 7.85 L, 
the predicted V, ranges from 12.19 to 13.77 L for the perforated 
plate and from 8.24 to 8.85 L for the porous sparger. If the BCR 
model is modified by the inclusion of a mass transfer enhance- 
ment factor, E,, the predicted and experimental reactor volumes 
may be reconciled. The values of Elrequired for this are given in 
Table 5. The average E,is 1.64 for the perforated-plate sparger 

Table 5. Model Predictions for BCR Volume 

Experimental BCR Volume - 7.85 L 

Mass Transfer 
Exp. Spargcr Predicted Enhancement 
No. Design BCR Vol. (L)* Factor** 

2-a 
2-b 
3-c 
4-b 
4 c  
5-b 
6-b 
7-a 
8-a 

12-a 
13-a 
14-a 
14-b 
I4-c 
I5-c 

Perforated 12.33 
12.19 
13.30 
12.85 
12.47 
12.87 
13.60 
12.94 
13.77 

Porous 8.70 
8.78 
8.85 
8.56 
8.24 
8.61 

1.56 
1.54 
1.68 
1.63 
1.58 
1.63 
1.72 
1.64 
1.75 

1.11 
1.14 
1.13 
I .09 
1.05 
1.10 

~~ 

*Using K p  determined in the absence of chemical reaction (stc Figure 5). 
**Multiplier of mur tranafer term in Eq. 19, required to bring cxpcrimental and 
predicted BCR d u m a  into agreement. 

4000 

3000 
5 
2 2000 
Q 

1000 

0 
i 

Experimental Predicted 
0 Csi - Csi, stoichiometr: 
0 CCI -- Csi, model 

-.- Ccl, model 
\ 

. \  

2.5 3.0 3.5 d 

f,, L min-' 

1 

2000 

i 500 
k 

1000 2 
a 

500 

3 
I 

Figure 7. Model plot of SiHC13 and CI, concentrations in 
reactor product vs. feed CI, gas  flow for perfo- 
rated plate sparger. 
Reaction conditions and experimental data from Run 2; solid line 
indicates the results expected if all the CI, gas fed is consumed by 
reaction 

and 1.10 for the porous sparger, leading to average predicted 
reactor volumes of 7.84 (a = 0.35) and 7.87 (u - 0.22), respec- 
tively. The use of these average mass transfer enhancement fac- 
tors in the model brings the predicted and experimental reactor 
volumes into reasonably good agreement over the entire range of 
reaction conditions used in this study. 

Figures 7 and 8 show the predicted and observed concentra- 
tions of C12 and SiHC13 in the BCR product as a function of C12 
gas feed rate,f, for runs 2 and 14 using the perforated-plate and 
porous spargers, respectively. The values of E, from Table 5 
were used in the model calculations. Both the model and experi- 
mental data demonstrate that the CI2 concentration in the reac- 
tor is negligible when the molar feed rate of SiHCI, exceeds that 

0 .--r-.+.-.*.-b 

1.4 1.8 2.2 2.6 3.0 
f,, L min" 

Figure 8. Model plot of SiHCI, and C12 concentrations in 
reactor product vs. feed CI, g a s  flow for porous 
sparger. 
Reaction conditions and cxpcrimcntal data from Run 14; solid line 
indicates the results expected if all the C1, gas fed is consumed by 
reaction 
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of CI,, and for I, between 1,540 and 3,080 pW/cm2. For 
CI,:SiHCI, molar feed ratios > 1, the product CI, concentration 
is elevated and the SiHC1, concentration is effectively zero. 
Moreover, the differences in results among those predicted by 
the stoichiometric ratio of reactant feeds, model predictions, and 
experimental values are all within the limits of accumulated 
experimental error. It is apparent from these figures that the C12 
gas fed to the BCR is completely reacted and that the use of 
both sparger types produces this result. Enhancement of mass 
transfer by chemical reaction is the overriding factor in reactor 
performance for this system. 

The influence of radiation intensity in the model is examined 
by calculating the required reactor volume for the conditions of 
run 14-a using different values for I,,,. As expected, increasing I, 
has no influence on the model predictions. Reducing I ,  by a fac- 
tor of 2 also produces no change in the model prediction. In 
order to cause the predicted reactor volume to increase by 5%, 
the value of I, must be reduced by a factor of >2 x lo4, equiva- 
lent to a - 160-fold reduction in the reaction rate. Thus, the con- 
version of SiHCI, may remain mass-transfer-controlled even 
when the reaction rate is reduced by more than two orders of 
magnitude. 

Conclusions 
In this work we have proposed and studied a novel and indus- 

trially important application of bubble column reactor technolo- 
gy. The UV-induced photochlorination of SiHC1, in a BCR has 
been shown to be very effective in reducing the level of this con- 
taminant in epitaxial-grade SiCI, to sub-ppm concentrations. 
The mass transport and chemical kinetics involved in this system 
have been studied, both separately and together using a pilot- 
scale con tinuous-Row bubble column photoreactor. 

The physical mass transfer rate for C12 gas absorption in SiCI, 
was found to depend on both sparger design and CI, superficial 
gas velocity. .4 porous sparger generates smaller bubbles and 
provides higher mass transfer rates than a perforated-plate 
sparger, for superficial gas velocities ranging from 0.001 5 to 
0.0058 m/s. The net CI2 gas absorption was found to be -95% 
for the porous sparger and -62% for the perforated-plate 
sparger. However, when the BCR is used for SiHCI3 photochlo- 
rination, the mass transfer rate is evidently enhanced by chemi- 
cal reaction. This is inferred from the observation that under 
UV irradiation conditions, for both sparger types and the entire 
range of ug studied, 100% of the C1, gas fed is reacted with 
SiHC13 present in the BCR. Therefore, the sparger type and u p  
while affecting the physical mass transfer rates, do not signifi- 
cantly affect BCR performance. 

The liquid-phase homogeneous photochlorination kinetics 
and stoichiometry were determined at  296 K. A 1:l stoichiome- 
try was observed for the UV-induced reaction of CI2 and SiHCI3. 
The dimer Si,CI, was not produced under any of the reaction 
conditions used. The experimentally determined rate expression 
is given by Eq. 10, which shows half-order dependence on 
SiHCI, and C1, concentrations. The rate of photochlorination 
was found to be proportional to the square root of the average 
absorbed light intensity, indicating a free radical reaction mech- 
anism with bimolecular termination of chain-carrying species. 

In an extensive set of continuous-Row BCR runs, CI, was not 
observed to coexist in solution with SiHCI, under UV irradiation 
conditions, indicating overall mass transfer control in the two- 
phase reactor. For SiCl4 Row rates ranging from 1.03 to 1.55 
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L/min and SiHCI, concentrations from 400 to 12,000 ppm, the 
SiHCI, is completely converted to SiCI, with a very slight stoi- 
chiometric excess of C12 gas fed. The BCR performance is insen- 
sitive to variations of incident UV radiation intensity in the 
range between 1,540 and 3,080 pW/cm2. A simple ideal mixed- 
Row model, incorporating the effect of mass transfer enhance- 
ment by chemical reaction, was found to be adequately descrip- 
tive of reactor performance over the range of reaction conditions 
studied. 

Notation 
a = specific interfacial area, dmz/L of gas-liquid dispersion 

A,, = area for heat transfer in a bubble column based on inside diame- 
ter, m2 

b, b‘ = empirical constants in Eqs. 16 and 17 
cp = heat capacity of SiCI,, J/kg/K 
C” = molar density of SiCI,, mol/L 
C,, = final or outlet concentration of CI,, mol/L (or ppm) 

C,,, = initial or inlet concentration of CI,, mol/L 
Cs, = final or outlet concentration of SiHCI,, mol/L (or ppm) 

Cs,., = initial or inlet concentration of SiHCI,, mol/L 
C,  = total concentration of all species, mol/L 
E, = mass transfer enhancement factor, dimensionless 
J, = CI2 volumetric gas flow rate, L/min (101 kPa, 295 K) 
H = Henry’s law coefficient for CI, in SiCI,, kPa 

H’ = Henry’s law coefficient for CI2 in SICI,, = ( H I P ) ,  kPa . L/ 

I, = incident light intensity a t  reactor wall, pW/cm2 
[, = radially averaged incident light intensity, pW/cm2 
I, = average absorbed light intensity, pW/cm3 
k = photochlorination rate constant, (L/mol)’/’/s 

k’ = photochlorination rate constant, (L/mol)”’/(pW/cm’)‘/2/s 
k” = photochlorination rate constant, (cm’/pW)’/2/s 
k *  = pseudorate constant defined in Eq. 3 
k ,  = gas-phase mass transfer coefficient, mol/dm2/kPa/s 
k, = liquid-phase mass transfer coefficient, dm/s 

K8 = overall mass transfer coefficient based on pressure driving force, 

mol 

mol/dm2/kPa/s 
n, n’ = empirical constants in Eqs. 16 and 17 

PCl = partial pressure of CI,, kPa 
Q = volumetric flow rate, L/s 
t = time, s 
T = temperature, K 
T, = temperature a t  the reactor section inlet, K 
uz = CI, superficial gas velocity, m/s  

U,, = overall heat transfer coefficient in a bubble column based on 
inside diameter, J/m2/K/s 

V, = volume of gas/liquid mixture above gas sparger, L 
V, = volume of quiescent liquid above gas sparger, L 

VR = volume of reactor section of bubble column. L 
Vs = volume of sparger section of bubble column, L 

Greek letters 
a = exponent in kinetic Eqs. 2 and 3 
/3 = exponent in kinetic Eqs. 2 and 3 

AHR = enthalpy of photochlorination reaction, J/mol 
AT, = log mean temperature driving force for heat transfer in a bubble 

A TR = temperature increase in BCR due to reaction, K 
column, K 

cg = fractional gas holdup 
ccI = Beer’s law extinction coefficient for C12 in SiCI, at 326 nm, L/ 

tsi = Beer’s law extinction coefficient for SiHCI, in SiCI, a t  2,260 
mol/cm 

cm-’, L/mol/cm 
p = mass density of SiCI,, kg/L 

Literature Cited 
Astarita, G., D. W. Savage, and A. Bisio, Gas Treating with Chemical 

Alfano, 0. M., R. L. Romero, and A. E. Cassano, “Radiation Field 
Solvents, Wiley, New York (1983). 

Vol. 36, No. 2 225 



Modelling in Photoreactors-11. Heterogeneous Media,” Chem. Eng. 
Sci.. 41, 1137 (1986). 

Barns, R. L., E. A. Chandross, D. L. Flamm, L. T. Manzione. and L. F. 
Thompson, “Purification Process for Compounds Useful in Optical 
Fiber Manufacture,” U.S. Patent No. 4372834 A (1983). 

Barns, R. L., E. A. Chandross, and C. M. Melliar-Smith, “The Photw 
chemical Purification of the Reagents Used in the MCVD Optical 
Fiber Process,” Eur. Conf. of Optical Commun., IEEE Conf. Publ. 
No. 190.26 ( 1980). 

Calvert, J. G., and J. N. Pitts, Jr., Photochemistry. Wiley. New York 
(1966). 

Deckwer, W.-D.. R. Burckhart, and G. Zoll. “Mixing and Mass Trans- 
fer in Tall Bubble Columns,’’ Chem. Eng. Sci., 29,2177 (1974). 

Dow Corning, Properties and Essential Information for Handling and 
Use of Chlorosilanes. Midland, MI (1981). 

Jung, K.-H., J. S. Shin, and Y. S. Choi, “Photochlorination Reaction of 
Trichlorosilane (SiHC13) at  337.1 nm.” Bull. of Korean Chem. Soc.. 
5(6), 260 (1984). 

Karapet’yants, M. Kh., and M. L. Karapet’yants, Thermodynamic Con- 
stants of Inorganic and Organic Compounds. Ann Arbor-Humphrey 
Science Publ. (1970). 

MacChesney, J. B.. “Materials and Processes for Preform Fabrication- 

Modified Chemical Vapor Deposition and Plasma Chemical Vapor 
Deposition,” Proc. of the IEEE. 68(10), 1181 (1980). 

Martynov, Y. M., 1. B. Davidovskaya-Chemelinskaya, and E. K. B o r e  
dulina, “Solubility of Chlorine in Tetrachlorides,” Zhurnal Priklad- 
noi Khimii, USSR, 39( I2), 2650 (1966). 

Matsuura. T., and J. M. Smith, “Light Distribution in Cylindrical Pho- 
toreactors.” AIChE J.. 16(2), 321 (1970). 

Nagel, S. R., J. B. MacChesney, and K. L. Walker, “An Overview of the 
Modified Chemical Vapor Deposition (MCVD) Process and Perfor- 
mance,” IEEE J.  of Quantum Electronics. QE-18(4), 459 (1982). 

Shah, Y. T., B. G. Kelkar, S. P. Godbole, and W.-D. Deckwer. “Design 
Parameters Estimations for Bubble Column Reactors,” AIChE J..  
28(3), 353 (1982). 

Szeri. A., Y. T. Shah, and A. Madgavkar, “Axial Dispersion in Two 
Phase Co-current Flow with Fast and Instantaneous Reactions,” 
Chem. Eng. Sci.. 31,225 (1976). 

Takamizawa, M.. H. Okamoto, M. Unemura. and K. Koya. “Purifica- 
tion of Silicon Tetrachloride,” Ger. Uffen. DE 2805824 (1978). 

Washburn, E. W., C. J. West, N. E. Dorsey, F. R. Bichowsky. and A. 
Klemenc. eds., International Critical Tables, McGraw-Hill, New 
York (1928). 

Manuscript received Jan. 18. 1989. and revision received Nov. 28, 1989. 

226 February 1990 Vol. 36, No. 2 AIChE Journal 




