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ABSTRACT 

The zinc reduction of silicon tetrachloride in a fluidized bed of 

seed particles to yield a granular product was studied along with several 

modificatiolrs of the thermal decomposition cr hydrogen reduction of silicon 

tetraiodide. Although all contenders were believed to be capable of meeting 

the quality requirements of the LSA Project, it was concluded that only 

the zinc reduction of the chloride could be made economically feasible at 

a cost below $lO/kg silicon $1975 dollars). Accordingly, subsequent effort 

was limited to evaluating that process. 

A "miniplant", consisting of a 5-cm-diameter fluidized-bed reactor 

and associated equipment was used to study the deposition parameters, 

temperature, reactant composition, seed particle size, bed depth, reactant 

throughput, and methods of reactant introduction. It was confirmed that 

the permissible range of fluidized-bed temperature was limited at the lower 



end by zinc condensation (918 C) and at higher temperatures by rapidly 

decreasing conversion efficiency [by 0.1 percent per degree C from 72 percent 

(themodpnamic) at 927 for a stoichiometric mixture]. Use of a graded bed 

temperature (decreased tamperature upwards permitted by decreased zinc dew 

point of the partially reacted mixture) was shown to increase the conversion 

efficiency over that obtained in an isothermal bed. 

Other aspects of the process such as the condensation and fused- 

salt electrolysis of the ZnC12 by-product for recycle of zinc and chlorine 

were studied to provide information required for design of a 50 MT/year 

experimental facility, visualized as the next stage in the development. 

Direct induction coupling to the boiling zinc was demonstrated as a reliable 

means of supplying the large heat requirement at that point while maintaining 

control of the rate of vaporization. Both miniplant and full-scale (25 MT/ 

year) mock-up studies were made of the fluidized-bed reactor design to permit 

s choice for the-two reactors of the 50 MT/year facility. 

A total of 6.1 kg of silicon was prepared on semiconductor-grade 

seed particles for submission to JPL. However, analyses by spark-source mass 

spectrograph, neutron activation, and atomic absorption are not yet defini- 

tive in terms of quality for solar cell use. 

Design of the 50 MT/year experimental facility was completed with 

the cooperation of Raphael Katzen Associates International, Inc., of 

Cincinnati, Ohio, and Pace Engineers, Inc., of Houston, Texas. On the basis 

of that design, described in this report, cost estimates were made for 

silicon productian at the 1000 MTIyear level. Although the preparatic, ~f 

Sic14 will be by-passed by direct purchase at the 50 MTIyear level, operation 

at the 1000 MT/year level contemplates the chlorination of mr.tallurgica1-grade 

silicon with the chlorine from electrolysis of,the by-product ZnC12. 

Projected silicon costs of $7.35 and $8.71 per kg (1975 dollars) 

for a 1000 MTlyear facility were obtained, depending upon the number and 

size of the fluidized-bed reactors and ZnC12 electrolytic cells used. An 

energy payback time of 5.9 months was calculated for the product silicon. 

In view of the favorable technical and economic indications 

obtained, it is recommended that construction and operation of the 50 NT/ 

year experimental facility be implemented. 



A. INTRODUCTION 

When JPL, under NASA/ERDA (now DOE), initiated the Low-Cost Solar 

Array Project (LSA) , Battelle's Columbus Laboratories (BCL) was given the 

task of evaluating certain silicon production processes as to their potential 

for meeting the quality and cost goals set by the LSA Project [semiconductor- 

grade silicon at $lO/kg in 1985 (1975 dollars)]. The approach proposed by 

BCL was (1) to study two processes which were known to have yielded 

semiconductor-grade silicon in commercial operation during the early days 

of the semiconductor silicon industry, and (2) to evaluate the probable 

economic effects of potential process improvements. The two processes were 

(1) Zinc reduction of silicon tetrachloride 

(DuPont ) 

(2) Thermal decomposition of silicon tetraiodide 

(Mallinckrodt) . 
The first was a batch process, carried out at atmospheric pressure in an open 

tube to yieid a mass of dendrites of non-uniform quality. The second, carried 

out on a "hot wire" (hot rod) reactor similar to the Siemens rsactor nov used 

in the present trichlorosilane reduction process by most silicon producers, 

was energy intensive. 

The major improvements considered were to stlbstitute fluidized 

beds for the open-tube and hot-rod reactors and to apply hydrogen reduction 

in various forms to the iodide process in place of low-pressure thermal 

decomposition. llow sheets were drawn for the various process options, 

major equipment items were identified and sized, and conventional cost- 

estimate procedures used to arrive at production costs, with the objective 

of choosing the most promising process for further development and eventual 

pilot plant operation contingent upon continued demonstration of potential. 

This final report, covering the 2.5 years of project work, is 

divided into four main sections, relating to 

(1) Evaluation of candidate processes 

(2) Experimental development of the zinc 

reduction of silicon tetrachloride in 

a fluidized bed of seed particles 



(3 )  Design of a 50 MT/year experimental facility 

(4) Cost estimates for a 1000 MT/year facility. 

These subjects are discussed in turn. 



B. EVBiaATIOPI OF CrLYDIDATE PROCESSES 

Six candidate processes, i.e.. one var ia t ion  of the  z%nc reductian 

process and f ive  of the iodide process, vere evaluated f o r  economic feasi-  

b i l i ty .  As deta i led  i n  the  Second Quarterly Progress Report f o r  t h i s  

Prow- (I)*. ce r t a in  cons t ra in ts  and opportunit ies  i n  the  zinc reduction 

process prompted l imi t ing  the  evaluation t o  one o?tion, whereas i n  the  case 

of the iodide ?recess, a number of apparently competitive options were 

retained . 
The probable technical f e a s i b i l i t y  of each of the  six evaluated 

processes was established e i t h e r  by p r io r  knowledge o r  by experimental ver i -  

f ica t ion  as par t  of t h i s  program. me experimental work associated with the  

zinc reduction process w i l l  be ccvered i n  Section C of t h i s  repor t ,  whereas 

that  associated uirh the var ia t ions  of the  iodide process w i l l  be reported i n  

t h i s  section. 

The s i x  processes evaluated may be described b r i e f l y  as follows: 

Process A - Preparation of Sic14 by chlc inat ion of 

Si02/carbon mixtures, zinc reduction of 

SiC14 i n  a f luidized bed of seed p a r t i c l e s ,  

2nd recycle of the zinc and chlorine by 

e lec t ro lys i s  of the by-product zinc 

chloride 

Process B - Preparation of Si14 by iodination of the  

metallurgical-graae s i l f con  produced from 

SiOz + carbon, thermal dissociat ion of 

Si14 i n  a "hot-wiref1 reactor  a t  low pressure, 

and recycle of 12 and unreacted Si14 

Process C - Same a s  (B) except f o r  d i rec t  iodination 

of Si%/carbon mixtures instead of metal- 

lurgical-grade s i l i c o n  t o  form the Si14 

Process D - Fluidized-bed hydrogen reduction of Si14 

produced by react ion of by-product H I  with 

* References a re  given a t  the end of t h i s  report .  



metallurgical-grade s i l i c o n  produced a s  

i n  (B), recyc le  of unreacted S i I q ,  separa- 

ti on of ?I2/1II by low-temperature condensa- 

t i on ,  and recyc le  of H2 and HI 

Process E - Same as (D) except f o r  scrubbing of the  

by-product HI froat 81-hydrogen off-gas, 

followed by wet processing (ch lor ina t ion  of HI 

+ drying of molten iodine under concentrated 

s u l f u r i c  ac id) ,  and recycl ing t h e  iod ine  and 

d r i ed  hydrogen ( iod ina t ion  with 12 ins tead  

of HI) 

Process F - Same as (D) except H 2 / 8 1  by-prcduct is 

rec i r cu la t ed  t o  t h e  iod ina t ion  s t e p  a f t e r  removal 

of unreacted Si14 but without H~/HI separat ion.  

Qther  a l t e r n a t i v e s  were omitted from the  de t a i l ed  eva lua t ion  f o r  a 

v a r i e t y  of reasons. (1) 

A word is i n  order  regarding the  po ten t i a l  advantages and disadvan- 

tages of t he  various process opt ions which j u s t i f i e d  t h e i r  choice f o r  economic 

evaluation. 

( I )  The fluidized-bed depos i t ion  r eac to r  has the  

advantage of providing a la rge  sur face  f o r  hetero- 

geneous reac t ion  and hence a high r a t e  of produc- 

t i o n  per  u n i t  r eac to r  voluore. F a c i l i t a t e d  handling 

of the  granular  s i l i c o n  product is another advan- 

tage. A disadvantage is tha t  i n  t he  iod ide  Process,  

excess hydrogen is required f o r  reasonable e f f i -  

ciency. Operation of a shallow f lu id i zed  bed under 

reduced pressure is poss ib le ,  but considered t o  

be economically impract ical  f o r  t h a t  appl ica t ion .  

(2) Direct halogenation of Si02 + carbon mixtures i n  

p lace  of metallurgical-grade s i l i c o n  o f f e r s  the 

poss ib le  economy of avoiding t h a t  arc-furnace 

processing. The zdvantage is  c l e a r  f o r  the  



preparation of SiC14 (Process A!, as the chlorina- 

tion efficiency is high and the technique has 

been used commercially*, but the advantage is 

less pronounced for the iodiae processes where 

the halogenation efficiency is lower and the 

loss (and cost of recycle) of costly iodine by 

entrainment in the CO by-product, or in the ;i02/C 

ash residue may become a significant cost factor. 

Choice of Process Scale 

For purposes of economic evalcation, it was assumed that the overall 

requirement of 3000 MT/year of silicon would be produced at three sites with 

a capacity of 1000 MT/year each. This production is conveniently hatdled in 

the case of Process A with six fluidized-bed zinc reduction reactors, 15 inches 

in diameter, each producing 24 kg/hr of silicon (80 percent on stream) as 

estimated from related experience. Although the entire plant production might 

be handled by a single 37-inch-diameter reactor in the case of this mildly 

exothermic reaction, strongly endothermic reactions, such as the hydrogen 

reduction of Si14, impose restrictions on the diameter of the fluidized-bed 

reactor where the endothermic heat requirement is supplied through the wall 

(even after taking advantage of maximum permissible preheating). For this 

reason, it seemed e-xpedient to limit the size of the fluidized-bed reactcr 

to 15 inches in diameter and to proceed f r m  that as a reference. Additional 

economies from reactor scale-up may be considered later. 

Approach to Economic Evaluation 

The economic evaluation of Processes A through F involved the 

following steps: 

* However, most technical-grade Sic14 is currently aade in the U.S. by 
chlorination of Acheson-process silicon carbide for convenience. 



(1) Determination of feasible pressure/temperature/ 

composition ranges for operation of the candi- 

date processes from thermodynamic data(?, r 4 )  

by means of Bat telle ' s EQUICA f ree-energy- 
minimizatior! computer program and experimental 

verifications 

(2) Drafting of w 3 s  flow and energy flow sheets 

for the candidate processes, showing the major 

process functions and the enthalpy changes 

involved at each step 

(3) Sizing of the msjor items of equipment necessary 

for each process step in the light of cross 

sectional area requirements dictated by gas 

flow for the mass transfer equipment, and the 

heat transfer area requirements dictated by the 

enthalpv changes for each heat transfer unit 

(6) Estimation of the cost of the large items of 

equipment and conversion of the total to a fixed 

capital investment in accordance with standard 

texts on chemical engineering estimation(5 e 6  9 

and with prior experience at BCL 

( 5 )  Determination of the net process energy require- 

ments based on the energy flow diagram with 

appropriate assumptions concerning process 

heat exchange, dissipating waste heat, and 

energy loss 

( 6 )  Determination of materials costs based on 

chemical market prices and mass flow require- 

ments with apqropriate assumptions relative to 

materials utilization e f f  isiencv 

(7) Estimation of direct labor costs bv visua1izir.g 

the man-hour requirements for the various 

operations involved in each ?recess 



(8) Conversion of the  fijrzd c a p i ~ a l  investment. 

manpower, materials, and u t i l i t i e s  c o s t s  t o  

estimated product c o s t s  i n  accordance with 

s tandard texts on chemical engineering cos t  

estimation(5,6,7).  

All c o s t s  are f o r  January-of  1975, as obtained d i r e c t l y  from the  

records f o r  t h a t  period, o r  as extrapolated from p r i o r  cos t  es t imates  by 

means of published cos t  indices .  (8) 

Table 1 gives t h e  January, 1975, materials c o s t s  used i n  t he  calcu- 

l a t i o n s ,  toge ther  with the  sources of inforination. 

TABLE 1. MTERIALS COSTS, JANUARY, 1975 

Mater ial  Lot Size  Cost Reference 

S i l i con  (meta l lurg ica l  Tonnage 
grade 

$l.OO/kg (9) 

Si02 - 99.5 percent Carload 325 mesh 
$0.0125/lb (10) 

Carbon, pet .  coke Tonnage $0.01/lb (11) 

Piped under 
Hydrogen 

$0.96/lb 
f snce ($O.SO/lOO SCF) (12) 

Iodine. crude Drum $2.59/1b (10) 

SiC14.  tech. Drum $0.185/lb (10) 

Zinc Prime Western, $0*392/1b 
tonnage (13) 

The values of $0.03/kwh used f o r  power cos t  i n  the es t imates  was 

obtained from a representa t ive  of the Co?umbus and Southern Ohio E l e c t r i c  

Company, Columbus, Ohio, as  typical fo r  most a r r a s  o f  the  United S t a t e s  

except those served bv h y d r o e l x t r i c  power. 



Although i t  was recognized tha t  u t i l i t i e s  o the r  than e l e c t r i c a l  

would be required, these requirements would be small r e l a t i v e  t o  e l e c t r i c a l  

and t o  simplify the  analys is  were not estimated. A l l  process heat was 

assumed t o  be e l e c t r i c a l .  F i f t y  percent of the  exothermic heat w a s  assumed 

t o  be recoverable and a 10 percent l o s s  w a s  added t o  the  ne t  endothermic 

heat requirement t o  a r r i v e  a t  the  t o t a l .  

The labor r a t e s  employed f o r  manpower cost  estimates were $6.601 

hour f o r  s k i l l e d  operators and $4.60/hour f o r  unskil led operators.  

The cost  of recovering iodine from iodine and iodide w a s t e s  of 

$0.2O/pound was estimated from p r i o r  experience a t  BCL with a l a rge  iodide 

process titanium p i l o t  plant(14) and confirmed a s  being consis tent  with 

indus t r i a l  experience(lS). 

Any i n t e r e s t  cos t  on the  "capi ta l  investment" i n  the  i n i t i a l  inven- 

tory of iodine i n  Processes B through F would eventually be o f f s e t  by the  

increased value of the upgraded iodine. 

Except f o r  the cost  of r e f r ige ra t ion  un i t s  which w e r e  obtained by 

quotation, the  cos ts  of equipment, once sized, were taken from References 5 

and 6 o r ,  i n  the case of fluidized-bed reactors ,  halogenation furnaces, a 

scraper-condensers, and a cent r i fugal  compressor f o r  iodine/Si14, were based 

on BCL experience with s imi la r  units .  

The following simplifying assumptions were made : 

(I) Rather than t o  cost  out the equipment and 

processing f o r  Sic14 production from el2,  
Si02. and carbon, t h a t  cost  and others  

associated with SIC14 production were 

entered a s  a materials cost fo r  a l l  of the 

SIC14 used. but with a 20 percent c red i t  f o r  

on-site production. Metallurgical-grade s i l i c o n  

from Si02 + carbon was s imi lar ly  introduced, but 

a t  cost .  

(2)  The permissible volumetric t!~roughput of 

f luidized-bed reactors  and iodination reactors  

was assumed to  vary approximately inversely 

as the square root ~f t h e  average xolecular 



weight, i.e., approximately inverse ly  as the  

average v i scos i ty .  

(3) Common hea t  t r a n s f e r  c o e f f i c i e n t s  were assumed: * 
(a) 70 B D  h r - 1 f t - 2 ~ l  f o r  gasses  high i n  H2 

(b) 3 BTU hr'lft'2P-1 f o r  h igher  molecular 

weight gases  

(c) 3 BTU hr'1ft'2~1 f o r  high molecular 

vapors condensing t o  s o l i d s  i n  a scraper  

condenser 

(d) 30 BTI) h r ' l f t ' * ~ l  f o r  high molecular 

weight material being vaporized from 

its l iqu id .  

Having these values and an est imated ava i l ab l e  

AT f o r  each hea t - t ransfer  s t e p ,  t h e  heat- t ransfer  

areas required were estimated. 

(4) A 20-plate d i s t i l l a t i o n  column having an HETP 

of 1 foot  per  p l a t e  a t  u n i t  r e f l u x  was assumed 

t o  be adequate f o r  the  p u r i f i c a t i o n  of Sic14 and 

Si14/12, taking a center  cu t  of 90 percent (5 per- 

cent  tops,  5 percent  bottoms). The permissible  

boil-up r a t e ,  w e l l  s h o r t  of f looding,  w a s  based 

on BCL experience(14). 

(5) The flow c h a r t s  t o  be presented i n  the following 

pages f o r  t h e  s i x  candidate  processes were 

s impl i f ied  by the  de l e t ion  of minor spec ies  such 

as SiC12(g) , S i I ~ ( g 1 ,  SiH212(g,L) , SiH13(g,R) , 
and monatomic iodine. SIC12 and S i I2  would be 

expected t o  back r e a c t  wi th  ZnC12 o r  H I ,  12, 

respec t ive ly ,  on cooling: SiH212 and Six13 were 

assumed t o  behave as Six4 f o r  t he  purpose of the  

% I n  r e t ro spec t  and on f u r t h e r  study of heat  c ransfer  to  hydrogen, t h i s  value 
is concluded t o  be too high, a t t a i n a b l e  only a t  2eynolds numbers f o r  flow 
above 10,000, i . e . ,  above the flow r a t e s  t h a t  would be used. Tl~e ne t  a f f e c t  
of using a lower value, e.g., h = 20, would be t o  increase t he  required size 
of the heat  t r ans fe r  equipment i n  Processes C through F and hence the capital 
cos t s  and product cos t s  above those ca lcu la ted .  



economic ana lys is ;  however, a d e t a i l e d  p l an t  

design would have t o  take the  p rope r t i e s  of 

t hese  spec ies  i n t o  consideration. Although t h e  

above minor spec ies  were ignored i n  t he  s i z i n g  

of equipment, e tc . ,  they were used i n  t h e  

thernaodyaamic ca l cu la t ions  of eaui l ibr ium 

conversion e f f i c i ency  . 
(6) The r eac t ion  e f f i c i e n c i e s  and the en tha lp i e s  

of r eac t ions  and phase changes a t  any given 

point  w e r e  taken as those ca lcu la ted  f o r  

equi l ibr ium conversion. 

Resul ts  of Economic Analysis 

The six processes f o r  which process cos t  e s t w t e s  were made a r e  

discussed below in turn. A b r i e f  descr ip t ion  of t he  process is given, 

followed by a flow sheet .  I n  t he  case  of Process A, t a b l e s  l i s t i n g  ( I )  

major equipment cos t s ,  (2) materials and energy cos t s ,  and (3) manpower 

c o s t s  a r e  included. The reader  is re fe r r ed  t o  Reference (1) f o r  t he  

corresponding t ab l e s  f o r  Processes B through F. 

Tables l i s t i n g  (4) f i xed  c a p i t a l  investment and (5) product c o s t s  

f o r  a l l  of the processes a r e  then presented with a discussion of t he  r e l a t i v e  

merits of t he  processes with regard t o  d o l l a r  c o s t s  and energy burdens. 

A s  noted above, a 24-kg/hour s i l i c o n  fluidized-bed u n i t  is a 

convenient s i z e ,  at l e a s t  f o r  Process A. Although t h i s  is probably not 

optimum, i t  w a s  chosen t o  e s t a b l i s h  the bas ic  production r a t e  f o r  the  p lan t  

un i t .  The 24-kg/hour u n i t  concept w a s  ca r r i ed  over t o  those processes t h a t  

do not  employ f lu id ized  beds. A 1000 MT/year f a c i l i t y  was v isua l ized  a s  

cons is t ing  of s i x  24-kg/hour un i t s .  No c r e d i t  was taken f o r  t he  f a c t  t h a t  

some equipment, notably tanks, might be common t o  the  s i x  u n l t s  with a 

r e su l t an t  saving. However, t h i s  p o t e n t i a l  economy is probably o f f s e t  by 

the f a c t  t h a t  t o  provide f o r  f l e x i b i l i t y  of operat ion,  a f u l l y  designed 

p l an t  would probably use more tanks than were included here. 



I n  t he  process flow diagrams t h a t  follow, each block represents  

a funct ion o r  p iece  of major equipment. The condit ions of t h a t  s t e p  a r e  

noted i n  t he  block; pressure 21 atm unless  otherwise noted. Also given i n  

each block is t h e  corresponding enthalpy change (+ endothermic, - exothermic) 

i n  k i l o c a l o r i e s  pe r  1.000 g-mole of s i l i c o n  product. The compositions ($-moles) 

of r eac t an t s  and intermediates  a r e  given i n  parentheses beside arrows corres-  

ponding to the  process streams. 

It will be noted t h a t  the  l i s t i n g  of major equipment i tems does not  

correspond exac t ly  t o  t h e  process  flow diagram i n  some cases;  t h i s  was due 

t o  changes i n  thinking during the  evaluation. Revising the  process flow 

shee ts  d i d  not  appear t o  be j u s t i f i e d .  

Process A, Fluidized-Bed 
Zinc Reduction of SiC14 

Figure 1 is the  flow diagram f o r  t he  z inc  reduct ion of SiC14 i n  a 

f l u id i zed  bed of seed p a r t i c l e s .  Cost es t imates  a r e  given i n  Tables 2,  3, 

and 4. 

As noted above, although t h i s  process c a l l s  f o r  generat ing the  

required SIC14 by t r e a t i n g  Si02 + carbon mixtures with recycled by-product 

chlor ine,  the  product cos t  was ca lcu la ted  by t r e a t i n g  t h e  Sic14 as a ma te r i a l s  

cos t  with a 20 percent c r e d i t  f o r  on-site preparat ion.  

It should a l s o  be noted t h a t  two opt ions f o r  recyc l ing  the  unreacted 

Sic14 a r e  shown i n  Figure 1. I n  the economic ana lys is ,  t h i s  mater ia l  was 

recycled t o  pu r i f i ca t ion  r a t h e r  than d i r e c t l y  t o  deposition. 

By-product ZnC12 is most conveniently recycled by fused salt 

e l e c t r o l y s i s  at 500 C, which conserves energy. The cos t  of the e l e c t r o l y t i c  

c e l l s  was based on the experience of ~ h r e l f a l l ( l 6 )  ; however, i t  was l a t e r  

learned t h a t  the  U.S. Sureau of Mines a t  Reno, Nevada, has been developing 

the ZnCIZ e lec t ro lys i s (17) .  and t h a t  work has been adopted a s  a guide f o r  

fu tu re  reference . 
The cons t r a in t s  t h a t  have prompted considerat ion of t h i s  s i n g l e  

zinc-reduction process option are discussed in  Section C of t h i s  repor t .  



S i ( 8 )  
(1.000) 

Electrolps i s  C e l l  

* Recycled material. 
** Recycle route adopted in  cost analysis. 

FIGURE 1. PROCESS A now SHEET 
Zinc Reduction of Silicon Tetrachloride 



TABLE 2. MAJOR EQUIPMENT COST, PROCESS A 
24 kg/HOUR UNIT 

I t e m  F u n c t i o n  Duty S i z e  
C o s t ,  

d o l l a r s  

Vapori  z e r  SiC14 V a p o r i z a t i o n  2.6834" BTU/hour 45 f t 2  $ 4,000 

D i s t i l l a t i o n  Un i t  SiC14 P u r i f i c a t i o n  200.5 kg /hour  SiC14 20  f t  x 1 2  i n .  d i a .  19 ,400  

I k p o s i  t j on U n i t  S i c 1 4  Reduct  i o n  24 kg /hour  S i  1 . 2 3  f t 2  (15 i n .  d i a . )  29,400 

~ o o l e r / ~ o n d e n s e r  Condenser  Zn, ZnC12 34.37E4 BTU/hour 1076 f t 2  24,500 

r E l e c t r o l y s i s  C e l l  Zn Recovery 
Ln 

5 x 6 - e l e c t r o d e  
T h r e l f a l l  ce l l s  

V a p o r i z e r  Vapor i ze  Zn 28.67E4 BTU/hour 240 f t 2  15 ,600  

S t r i p p e r  1 S t r i p  ZnC12 from C12 1.4234 BTU/haur 

S t r i p p e r  2 S t r i p  ZnC12 from SIC14 0.64E4 B ~ U / h o u r  

Tank S K I 4  S t o r a g e  8 h o u r s  200 g a l  5 ,800 

Heat Exchanger Waste Heat  D i s p o s a l  22.79E4 BTU/hour 2 ,600 

24 k g / h o u r u n i t t o t a l  $ 322,000 

x 6 = 1000 MT/year t o t a l  $1,932,000 
- - - .  - ~ - -  .---.--.-----.-.---.-.-.--7 - - - - - -. -. . -- - - - - -- - - --Ih , . -- .- --.-- -- - - - - . - 



TABLE 3. MATERIALS AM) ENERGY COSTS, PROCESS A 

Item Conditions 

Zinc 10  percent l o s s  o r  cos t  balanced recovery 

SiC14 90 percent u t i l i z a t i o n ,  20 percent  o n s i t e  
manufacturing c r e d i t  

Tota l ,  mater ia l s  

E l e c t r i c a l ,  90 percent u t i l i z a t i o n ,  11.17 kwhr/kg 

Cost, 
$/kg S i  

TABLE 4 .  W O ~ J ' E R  UNII" BREAKDOWN AiiD COST, 
PROCESS A 1000 MT/YEAR SILICON 

Unit Operation 
Number of 
Operators 

Deposition 

Zinc E lec t ro lys i s  

D i s t i l l a t i o n  

Raw Material  Handling 

Product Handling 

16 

20 

16 

8 (semi-skilled) 

8 (semi-skilled) 

68* (divided i n t o  
four  crews) 

Equivalent manpower hourly r a t e  of $416.80 

Operating Labor Costlyear = $892,790 
($416.80/hour x 2142 hourslyear) 

* Fifty-two s k i l l e d  operators  a t  $6.60/hour; 16 
semi-skilled operators  a t  $b.bO/hour. 



Process B, Thermal Decomposition of 
Sir4 Product from Metallurgical- 

Grade Silicon 

Figure 2 covers Process B, the thermal decomposition of Si14 nada 

from metallurgical-grade silicon. This is the conventional iodide silicon 

process as investigated by BCL (14) and carried to the prototype stage by 

Mallinckrodt, Inc. A compressor has been added to the process to permit 

condensation of 12/Si14 for recycle as liquid rather than solid. 

It will be noted that the major penalty on this process is the high 

cost of radiant energy lost from the "filaments" in the deposition step. In 

arriving at a projected energy loss for this factor, 25 kwhr kg'' estimated 

process energy was subtracted from the 375 kwh kg'l total reported(9) to be 

characteristic of the present Siemens Process production of silicon from 

trichlorosilane. It was then assumed that 45 percent could be saved by 

suitable external heat reflection [(:,","0 k)4  = 23 percent] and by mutual 

heat reflection (22 percent) from a "forest" of filaments such as used in 

a titanium pilot plant deposition unit at BCL(~~). Despite this projected 

saving, Process B would still require 190 kwh kg'l solely to maintain the 

deposition surf ace temperature. 

Prccess C, Thermal Decomposition of SiZ4 

Produced by Iodination of Si02-Carbon Mixtures 

The thermal decomposition of Si14 produced by iodination of Si02- 

carbon mixtures is shown in Figure 3. This process differs from Process B 

in the equipment and increased manpower needed to iodinate Si02-carbon 

mixtures. In analyzing the economics of this option, it was hoped that the 

lowered cost of Si02 and carbon relative to metallurgical-grade silicon 

would result in a net saving. Unfortunately, the efficiency of the iodina- 

tion reaction 

Si02 + ?I2 + 2c = Si14 + 2cO , 
found to be 20 percent at best, is too low to achieve that goal. Ths large 

iodine recycle ~oad is defeating. 
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FIGURE 2. PROCESS B FLOW SHEET 

Thermal Decomposition of S i 1 4  Produced 
from Metallurgical-Grade Sil jcon 



FIGURE 3. PROCESS C FLOW SflEET 

Thermal Deccxnpositioa of SiIq Produced by 
Iodination of Si02/Carbon Mixtures 



that =&ted io the chic8 of the 20 percent emversion f S y n  discussed 
I '  i .  

separately later. 
. .. - :_C_ - 

Process D; RtMuctio~ 6f SULQ 
. .  . - -  

i n a F l u % Q i s e a B d , D r g I U ~ ~ c  
. . , 

. - 

An- ~tr r rc t i i .  opt* (Pmxess 3 ,  Figure 4) f o r  the  prodoetion of 

silicoir' from S q  I s  hydrogen reductioa of the latter in a fltddhed-bd 
. . . . . . , 

reactor to atrofd the  large cost of the  'low pressure deposition cycle and t o  

tab ad~qntage of the contin- - C ~ ~ & w  The -kZ bpproduct un 

be recycled by low-temperature ceodezwitioa. However, this coadeasetioa is 

cbmplfcated by tb vapor pressure of soli t i  EX, 0.46 a m  at the  nmlting 

point, -51 C. The dew point of BI frr the depositian by-product fo r  the  

representative cmdi t ioa  chosen is 194 K (-79 C) and t o  condense out most 

of the m a t  atmospheric pressure requires a scraper condenser operating at, 

say, -153 C. This mecbaaical condenser and the associated refrigeration 

accounts fo r  about half of the cap i ta l  investment. Pressurizing the EI + E2 
by-product t o  allow wadensation of the HI as a l iquid a t  3 C abwe its 

-aelting point (%.em, at -48 C) allevfates the problem only s l ight ly .  Com- 

pression t o  10 atm permits condensation of only 37 percent of the H I ,  and 

a pressure of 60 atra is necessary fo r  90 percent condensetion. The*option 

of operating t h l s ~ s e c t i o n  of the plant a t  high pressures is discussed below 

i n  the comparison of process costs. 

The other major cost item are  the scraper condenser, necessary t o  

r m e  SII4 as-condensed sol id  a t  two points, and the fluidized-bed recctor(s>' 

which, because of the lower efficiency and large volumes of excess hydrogen, 

require seven times the cross sectional area required i n  Process A. Operating 

manpower costs a re  correspondingly higher. 

* 
Elimination of che large radiant energy loss  of the "hot-wire" reactors 
is another advantage. 



* Probably brolcm into 2 scaps, 1st stripplug 
oot 0.994 mole S t b ( 6 )  ac 397 K, Znd, 
reaidma1 0.498 St Ig (s )  amlee a t  298 K. 

Fluidized-Bed Hydrogen Reduction 
of Sir4,  Dry H I  Recycle 



Process B, Fluidfsed-Bed Eydrom Muctfoa 
of Sl14 with Wet-Process Iodine Recycle 

bra the wndeusatiea of t h e  reac t ion  product [n wa8 such a problem 

In  Process D, t he  posrsibility of scrubbing the  HI from the 2 process gas and 

recovering the iodine by w e t  chemistry was explored l a  Process B, as described 

in Hgure 5. 

Process P, Fluidized-Bed Eydrogen Reductioa 
of Sira w i t h  Recirculatiaa of Umeparated EX/% 

Althaagh the wet-hocess iodine rwovery i n  Process E avoids spme 

of the high c a p i t a l  investment f o r  dry BI ' recycle  i n  Process D, t h i s  savlng 

is more than o f f s e t  by the  $0.20lpound cos t  of recoverfag iodine by t h e  w e t  

process. It thus becomes of i n t e r e s t  t o  examhe the c o s t  of a process in 

which the  HI and % are not  separated and t he  less e f f i c i e n t  iodinat ioa  of 

silicoa and deposition of s i l iccm from the  pur i f ied  Six4 a r e  accepted. 

Since the  iodinat ion and decomposition e f f i c i e n c i e s  are interdependeat, it 

was necessary t o  ca lcula te  the  process strem compositions by successive 

approximations which yielded the  r e s u l t s  shcwn i n  Figure 6. Owing t o  the  

lower ef f i c i enc ies  and lower concentrations of reac tants  in  the  feed streams, 

the  s i z e s  of the  processing un i t s  a r e  increased. 

Processes A Through F Cost Summary 

The f ixed cap i t a l  investments f o r  Processes A through F a r e  given 

i n  Table 5 and the  product cost  ca lcula t ions  a r e  given in  Table 6 .  

Table 7 and Figure 7 sunmaarize the  process cos t  est imates i n  term 

of materials,  u t i l i t i e s ,  capital-related,  labor-related, and "other" costs .  

Process A, the  zinc reduction of SiC14 shows lowest cost  i n  a l l  categories. 

"Improvements" (Processes C through I?) on tne basic "hot-wire" iodide process 

(B) led  t o  higher cos t s  as economies i n  one area  xere more than o f f s e t  by 

increased cos t s  i n  others. 



-9- 
t - 1  
I 1  

* Rob.bL? broken fcto 
2 stages. Lst s a i p p h g  
arc 0.5% =la. SLI, ( 2) 
at 337 K; 2nd. rtstdoal 

* Chlorhtfou of BI 
solutloa; precipitation 

F I ~ W  5 .  PROCESS E now SHEET 
Fluidized-Bed Hydrogen Reduction 
of Si14. wet-process 12 Recycle 



Preheacer 
1-1 
I i 

(a) Cool; do hea t  recovery of -6.09 Kcal to 
298 K. 

(b) Neglect 0.001 mole S i I 4  t h a t  escapes 
s t r i p p e r  a t  298 K. 

(c) Would probably be done in two s tages ;  
1.838 mole Si14 condensing as l i q u i d  a t  
397 K (mp)  leaving 0.772 mole t o  be s t r i pped  
as s o l i d  a t  298 K. 

(d) I f  broken i n t o  two s t ages ,  0.752 mole Si14 
would escape the  397 K (q) condenser, i . e . ,  
0.248 mole condenses at 397 K. . 

(e )  Recycle route  adopted i n  cos t  ana lys i s .  

FIGURE 6 .  PROCESS F FLOW SHEET 

Fluidized-Bed Hydrogen Reduction of S i 1 4  With 
Recirculat ion of tinseparated H2/HI 



TABLE 5 .  FIXED CAPITAL INVESTMENT 
1000 MT/YEAR SILICON 
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Coat Item Pttresu A Prucssu 0 . Prncase C Prucsan D Proccsa P Prucoeo B ---- ------. - ----,------- --r - -7-v-p --- - .--- -- -- 
Dlreec Coat (0) 

Piplng ( Ine te l  led) 60 percaltt n l  R l.i59,2UO 2 ,692 ,800 '  3.7(18,000, 7,094,801) 3,099,600 ' 6,9I3,2M) 

BIII Id  Illpa and Servlcem 47 percunt uf R 908,040 2,109,36fl 2,904,6OU 5,549,160 2,414,020 9,462,346 

Yard I r ~ ~ r u v e u c ~ ~ t u  10 percent u l  I! 193.2W 4 4 8 . W  619,000 1 , 1 ~ , 8 0 0  5lb,WQ l . lbL.200 

Servlre  F n c i l t t  l en  4 0  percunt of E 772,800 l ,I91.2nO 2,472.0(#, 4,723,Gan 2,OL6,4UO 4.6114.8UO 

Enxlnerrlnl: s d  Supcrvlslon 15 percent ut 8 8 289,800 8 6 / 2 1  8 927,000 $ 7 , 2  8 774.900 8 1 . 1 4 1 . ~ ~ )  

(:tnnalrltc t Ion  fixpansea 

TmAI. D AND 1 

14 percent nf  E 270,480 128,320 165,200 1 ,e53,120 723.240 1 . 6 2 7 . W  - .---- -- ...--- -- ---- ,- ..-- -- - -- -. . 
$7,1871040 816,919,760 823,298,~OO 843,9Z!b,760 819,117.520 843,23'1.860 

CWII t rac t or ' n rue 11) percent n l  D and I 8 718,680 8 1,692,plO 8 2,329,160 $ 4,392,600 8 1.Cd1.741) $ 6,323,360 
(:al~t t l ~ g r l r  y 10 wrcent  of D and 1 8 718,6110 8 1,692,(100 8 2,329,960 $ 4,382,600 $ 1,921.t40 8 4,323.IW - -,---.- a .  . . 
b Ixrvl Cnplta l  lavoetmr~nt , I 0  Ml'/yerc 

* - -  
$8,624,400 82U.301,7LO 827,958,120 852,710,960 $23,Q61,O(W 851.860.560 - - -  ...-. . - .  -=--.I..-. . ..C - m .  * I .  .* .-2%)-e,* .-.,-.-CICII-*- ..'.. --....-.-*- .-*..-*-.<-. .* - .*. 
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TABLE 7. ESTINBTRD COST BREAKDOWN, 
PBOCHSSRS A TEROUGi3 F, 
DOLLARS PER kg SILICON 

Item 
Process 

A B C D E F 

?gaterials $2.59 $ 2.86 $ 3.84 $ 3.33 $11.30 $ 4.24 

0.34 5.92 6.41 1.02 0.48 0.85 

Capital-related (b) 3.15 7.41 10.20 19.24 8.42 18.94 

Labor-related 2.22 2.60 2.80 2.84 2.58 3.26 

Others (c) 0.82 1.86 2.30 2.61 2.25 2.70 

TOTAL $9.12 $20.65 $25.55 $29.04 $25.03 $29.99 

(a) Electr ical  only, see text .  

(b) Includes labor portion of maintenance cost  based on capi ta l .  

( c )  Patents and royal t ies ,  4 percent of to ta l ;  d is t r ibut ion,  2 percent 
of to ta l ;  research and development, 3 percent of t o t a l  



FIGURE 7. PRODUCT COST BREAKDOWN, 
PROCESSES A THROUGH F 
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The most promising approach f o r  reducing the cos t  of the  iodide 

processes would be via optimizing the  recycle of the  H I  bjt-product of 

Process D by pressurized c o n d ~ t i o a ,  whereby i t  m y  wel l .be  possible t o  

beat the $20.65/kg cost of the  "hot wire" proceas , (B) . However, PFocess D 

optindeed in t h a t  way can never be less expensive than Process A, as even , 

i f  t he  cos t  of HI recycle were zero (equivalent t o  subt rac t ing  the  wet 

process recycle cmt from the  product cos t  i n  Process $);the ne t  cos t  would 

be $15.7B/kg of s f l i c o n  ($25.03 - $9.33), a c h  exceeds the  $9.12/kg cos t  

of Process A by 70 percent. 

I n  making the  above cos t  estimates, i t  was recognized t h a t  a more 

de ta i l ed  engineering design of the  processes would discid@ needs f o r  addi- 

t i o n a l  &or items of process equipment t h a t  would r e s u l t  i n  higher cos ts ,  

presumably by a small f r ac t ion  of &he major c o s t  items already ident i f ied .  

On the  o the r  hand, opportunit ies  f o r  economies should be a l s o  recognized 

which may w e l l  o f f s e t  the  cos t  of added equipment. It should a l s o  be pointed 

out  t h a t  considerable uncertainty exist$ i n  the  cost  of e l e c t r o l y t i c  zinc 

recovery f o r  Process A whicli w i l l  not be f u l l y  resolved u n t i l  a prototype 

plant is operated. I f  t h i s  cost  can be made l e s s  than t h a t  assumed, a 

s ign i f i can t  decrease i n  the  cos t  of the product w i l l  be obtained because of 

the  appreciable f r ac t ion  of the  t o t a l  cost  represented by the  e l e c t r o l y t i c  

zinc recovery operation. 

Although some uncertainty e x i s t s  in  the absolute v a l i d i t y  of the 

above cost  estimates, t h e i r  r e l a t i v e  values ind ica te  a c l e a r  choice of 

Process A over the iodide process variat ions.  The product cos t  estimate 

f o r  Process A which fel!. below the $lO/kg LSA t a rge t  and the  shor t  energy 

payback t ime (discussed i n  the next sect ion) gave the  incentive f o r  continued 

development of t h i s  zinc reduction process. The decision t o  proceed with 

tha t  development was fu r the r  j u s t i f f e d  by an indepeneent economic analysis  

of Process A by Lamar ~ n i v e r s i t ~ ( l 8 )  which led  t o  ax, estimated product cost  

of $9.63/kg. The 22 percent higher c a p i t a l  equipment cost  estimate by Lamar 

was p a r t i a l l y  o f f s e t  by a 41 percent lower labor requirement. 

Development of the zinc reduction of s i l i c o n  te t rachlor ide  on seed 

p a r t i c l e s  i n  a f luidized bed t o  y ie ld  a f r e e  flowing granular product is  

discussed i n  Section C of t n i s  report .  



-Therer Wstr an ste, ye t  undetermined l i m i t  ' to  the energy contatamp- 

tlton t h t ' c a n  be to lera ted  f o r  a process producing s i l i c o n  f o r  eo la r  cell 

use. That is, tha  derrgy consumed i n  matertals  production wt be  a small 

tract& of t h a t  produced by the  call during its l i f e t i a e .  Table 8 gives 

the  energy consumption estimated f o r  the  cmdfdate Processes A through I?. 

The values shown were obtafred by adding the  energy cos t s  of praducing o r  

reclaiming ce r ta in  raw materials  t o  the  process energies gfven i n  the  

"esses .- corresponding tables f o r  the  i n d i d d u a l  pro- 

Although it is recognized tha t  sasle of the  process energy may be 

.other than electrical, the  calculat ions are based on units of kwh e l e c t r i c a l ,  

since that is the  form of energy t o  be credited t o  the  c e l l  operation a s  a 

p h o t o v o l t ~ < c  device. 

The last column gives t h e  energy payback time i n  months f o r  a 

reference cell: 

0.0254-cm thick producing 0.1 kwh2 i n  1825 hr/yr operation, 

allowing f o r  20 percent l o s s  of s i l i c o n  during c e l l  manu- 

fac tare ,  i.e., 20.5 kwh/(mo Kg). 

These results show that  none of t5e processes can be ruled out on the basis  

of energy consumption, although the "hot wire" processes (B and C) have high 

energy burdens which may be prohibit ive when c e l l  and array  manufacturing 

energy requirements a r e  added. The zinc reduction of s i l i c o n  te t rachlor ide  

(Process A) is among the  lowest of the  others i n  terms of energy burden with 

a payback t i m e  of only 2.2 months (see revised estimate, page 108). 

Experimental Hydrogen Reduction of Si14 

To confirm the f e a s i b i l i t y  of the fluidized-bed hydrogen reduction 

of SiI4, two experimental runs were made i n  a 50-arm fluidized-bed reactor 

s imilar  t o  tha t  t o  be described i n  Section C of t h i s  report (Figure 12). The 

conditions and r e s u l t s  fo r  the run which proceeded without operational problems 

a r e  given i n  Table 9. 





Footnotes to Table 8 

1.02 pounds zinc reprocessed (exclusive of in-plant recycle) per kg 
silicon at 2.25 kwh/pound (19). 

13.34 pounds SiC14/kg silicon, at energy requirement of contained 
chlorine 11.65 kwhlpound (20) I ,  x 1.77 for other requirements, total 
= 2.44 kwhlpound SiC14. 

4.73 pounds 12 reprocessed (esclusive of in-plant recycle) per kg silicon 
at energy cost for chlorine used in vet chlorinaticn at 80 percent utili- 
zation efficiency; 0.58 kwhlpound 12. 

No data readily available; minor energy cost not included. 

5.12 pounds I2 reprocessed per kg silicon; see ( 3 ) .  

4.50 pounds 12 reprocessed per kg silicon; see (d).  

0.07 pound Hz consumed per kg silicon; at 30 kwh/pound H2 calculated 
on basis of cell potential of 2v(22) and assumed 80 percent current 
efficiency . 
44.3 pounds I2 reprocessed per kg silicon; see (d) . 
4.83 pounds I2 reprocessed per kg silicon; see (d). 

0.11 pound H2 ased per kg silicon; see (h). 

External zinc recovery of 0.46 kg zinclkg silicon assumed to be 40 percent 
efficient as in-plant recycle. 



Z%BLE 9. DATA QH TBE PREPARATION OF SILLCOEl BY TBE 
FLUID-BBD tiYmmax mCTIm OF Sifq 

W e t o r  diaamer 50 = 
Bed 328gof 425 r o 5 9 0 w  

Bed teatperamre 1050 C 

Pieheater temperature 400 C 

SiI4 vaporizer temperature 172 to  187 C 

H2/Sf4 mole r a t i o  32 

Runtime 40 minutes 

Si l icon depoc,ited 12 g 

Overall eff iciency 66 percent 

Efficiency from t h e m -  
dynamic c d c u l a t i m  (3) 56 percent 

These resu l t s  confirmed chose obtained earlier a t  I$CX,(14) i n  an 

open-tube reactor  where the experimentally determined Si14 reduction 

eff iciency was consistently above tha t  predicted thennodynamically on the  

bas is  of Reference (3). Adjustments of the values f o r  the  estir.ated 

thermodynamic propert ies of Si12(g), SiR2I2 (g) , and SiHIg (g) may accommodate 

the discrepancy. Rawever, no e f f o r t  was made t o  accomplish t h i s  other than 

t o  determine tha t  the difference cotlld not be accounted f o r  by any reasonable 

adjustments of the SiIg(g) estimates alone. 

Experimental Iodination of 
Sf02 + C Mlxtures 

One of the potent ia l  eccnomies i n  the iodide process was t o  form 

t h e  Sf14 feed materfal by iodinatfon of SiO2-plus-carbon mixtures (Process C) 

rather than metallurgical-grade s i l icon.  It was thus necessary t o  know 

something of the efficiency of tha t  reaction. Accordingly, mixtures of 



iodine vapor, of from 16 t o  65 perceat i n  ea argon gas carrier, were passed 

through a 2 5 - a ~  packed bed of ground and pressed '~f0~-~lus-carbon pellets 

 coat^ stoichiometric quantities of carbon, and 50 and 100 percent . 

excesses of arbon, a t  1523.C. Efficiencies of conversion of iodine t o  SiIq 

of froan 16 to 32 percent were observed t o  correlate poorly with conditioas. 

A detailed t h e ~ c  analysis in the Second Quarterly Report(') revealed 

that because of tlk competing reactions 

Si02 + 2C + 212 = 2C0 + SiIq 

and 

Si02 + 3C 2 0  + sic 
a d  the variation of equilibrium composition with the solid phases present 

(see Figure 8), it would not be possible to calculate the expected conversion. 

The question as t o  whether the addition of hydrogen would aid the conversion 

was-aaswered in the negative as can be seed from the figure. 

A nominal conversion efficiency of 20 percent was adopted in  

calculating the costs of ProcJ?ss C. 



Temperature, K 

FIGURE 8. IODINATION OF SILICON OXIDE-CARBON MIXTURES 

(Equilibrium convereion am functions of temperature and percent Ha added to I&), showing region 
of s t a b i l i t y  of so l id  phases etarting with stoichiooretric C/S102 ratio = 2/1) 



In the early days of the semiconductor silicon industry, DuPont 

produced silicon by the batchwise zinc reduction of SiC14 hav'ng the 

characteristics given in Table 10. 

TABLE 10. SPECIFICATIONS FOB DUPONT SILICON (23) 

Solar 
Cell 

Grade I Grade 11 Grade 111 Grade 

Boron Content (gbpb)* 1 1 to 3 6 to 11 - 
Minimum Resistivity 

for Top 60 Percent 
of Crystal (ohm an) 

"P" Type 

"N" Type 

* Pdculated from resistivity of float-zoned bar cut from CzochralsM 
crystal . 

This material was of variable quality, and although contacts with 

DuPont have not resulted in more definitive information on ainority carrier 

lifetime, etc., it is understood that solar cells with efficiencies of 10 to 

12 percent were made. 

The standard DuPont product was a mass of dendrites, difficult to 

handle in further processing. Recognizing the limitations of the process, 

DuPoht briefly experimented with the fluidized-bed approach. In the example 

given in their patent(2b), essentially stoichiometric quantites of zinc and 

SiC14, vapors were passed through a %lo-deep bed of 250- to 590-pm 

silicon particles at 900 C. About 21 percent of the silicon fed as SiCIG 



was deposited on the particles with au equal a m k t  of silicm fine$ be- 

collected with the reaction product. 

With improvements in fluidized-bed technology since that t-, it 

was believed pessible to improve the yield of silicon on the se&d particles 

aad to take advaatage of the potential for continuou,4 operation provided by 

the fluidized bed, wbLch should lead to increaeed unifonnitp of proddt. 

The discussions imedii;telj foilowing include the theoretical and 

experimental work that has goae into assessing the technical feasibility of 

the process. 

Thermodynamic Bira"1ysis 

Fortunately, the reaction temperature level of interest is high 

enough that reaction kinetics does not appear to be controlling, and the 

silicou yield is practically thermodpaaically and supply limited. 

The thermodynamic data given in Table 11 were used to calculate 

the equilibrium c m  sion efficiencies for the reaction 

2Zn(g) + SiC14 (g) = Sib) + 2ZnC12(g,a) 
under several coditions. It was determined that ZnCl(g) and Zn2C14(g) were 

insignificant species, although SiC12(g) was included in the analysis. Where 

the effect of using hydrogen as a diluent was explored, the species E2(g), 

SiH2C12(g), SiEClg(g), and HCl(g) were added. 

Based on the results of the thermodyaamic calculations, Figure 9 

shows the decrease in efficiency with increasing temperature to be expected 

from the exothermic nature of the reduction reaction. The decreased effi- 

ciency effected by dilution with inert gas for this reaction wbich has a 

net decrease in molar volume is also reflected. 

The effect of hydrogen dilution is also shown in Figure 9. Although 

a "reducing agent", hydrogen is less affective than zinc, and the net effect 

is an actual reduction of conversion efficiency due to the formation of the 

chlorosilanes SIHC13 and SiH2Cl2 at lower temperatures. 

A clear limitation on the operating range is indicated by the 

appearance, at the inflection, of ZnC12(L) as a condensed phase below 727 C. 

Operating in this range for higher efficiency (assuming that kinetic limi- 

tations would not set in) is attractive but impractical, as the accumulation 

of liquid ZnC12 in the bed would result in agglomeration of the bed particles. 



527 627 727 827 927 102 7 1127 

Temperature, C 

FIGURE 9. CONVERSION EFFICIENCY, 2Zn + Sic14 = 2ZnC12 + Si, 1 atm 



Quaatit9 Reference 

For 2aC12 : 

m598 -99200 c a l  moleg1 . 

S298 26.64 e.u. mole-l 

% 2450 c a l  mole-' 

16.5 + 0.0055 T cal mole-l deg'l (26) 

% ( L )  24.1 c a l  mole'l degwl (26) 

% 28500 c a l  mole'l (27,281 

(estimated as 
per Reference 29) 

For 23, C12 
ST, G v a ~ o u s  

Another and po ten t i a l ly  more ser ious  l imi ta t ion  e x i s t s  a t  the  

entrance end of the  reactor ,  t h a t  is, the  dew point o f  the  unreacted zinc,  

908 C f o r  1 atm and correspondingly higher f o r  higher pressures. Mot only 

would the  condensation of l iqu id  zinc in the  bed lead t o  its agglomeration 

and loss  of f lu id iza t ion ,  but  i t  has been shown tha t  very f i n e  s i l i c o n  

whiskers nucleate on the l iqu id  zinc surface and a r e  entrained i n  the  

f lu id iz ing  gas and l o s t  t o  the  seed p a r t i c l e s ,  o r  i f  generated i n  s u f f i c i e n t  

quanti ty,  can form a porous mass i n  the reactor  o u t l e t  and obs t ruct  the  

t low. 

With the  above l imi ta t ions  i n  mind, i t  was decided t o  adopt 1200 K 

(927 C) a s  the nominal operating temperature, where the equilibrium effi- 

ciency is 72 percent f o r  the  undiluted gas. 

Later  i n  the  work the concept of a graded bed temperature was 

adopted, whereby the upper par t  of the  bed, in which the dew polnt of the 



p a r t i a l l y  reacted zinc was lower, could be cooled somewhat t o  gain eff iciency.  

This option obvfously becomes more feas ib le  with increasing bed-height-to- 

diameter rat io.  

F-re 10 showa t1e re la t ive ly  small e f f e c t  of d i lu t ion  on con- 

version eff iciency and Figure 11 shows the  e f f e c t  of stoichiometry of the  

feed gas on the  eff iciency of conversion of z inc  t o  ZnCl2 and Sic14 t o  s i l i con .  

The expected increased ef f ic iency of conversion of one reactant  i n  an excess 

of the o ther  is evident. That the  zinc and Sic14 conversion e f f i c ienc ies  are 

not equal at  2 /1  stoichiometry lies i n  the  f a c t  tha t  whereas the  z inc  is 

constrained t o  form ZnC12, SiC14 can form Si(s)  o r  SiC12(g), the f rac t ion  

of the  latter increasing with temperature (e.g., 1 percent of the SiC1, a t  

827 C and 4 percent of the  SiC1, a t  927 C). 

Effect of S t o i c h i o ~ t r y  
.on Product Cost 

Because of the  difference,  i n  principle,  of the  cost  of recycling 

unreacted zinc and unreacted SiC14, it became of i n t e r e s t  t o  analyze the  

cost  of of f -s to ichimetry  operation, which should show a m i n i m  on one s ide  

or  the other. Details of the  approach a r e  given i n  the Third Quarterly 

Progress Report(l). However, i t  involves bas ica l ly  adjust ing the  s i zes  of 

a l l  of the  process un i t s  affected by a change i n  stoichiometry and adding o r  

subtract ing a proportionate amount t o  the  cost  of the  product, using the  

values fo r  211 s toichiometry a s  reference. The reactant  conversion e f f i c ienc ies  

used i n  the  calculat ions f o r  Zn/SiC14 mole r a t i o s  of from 0.8 t o  5 were those 

predicted thermodyizamically . 
Table 12 gives :he r e s u l t s  f o r  the capital- ,  energy-, and materials- 

re la ted  costs.  The labor-related cos ts  were assumed not t o  change s igni f icant ly .  

Two conclusions can be drawn from the data  of Table 12. 

(1) Xo marked economic advantage e x i s t s  i n  

operating a t  a ZnlSiC14 r a t i o  of other 

than 2/1; the savings gained by increased 

eff iciency i n  u t i l i z a t i o n  of one reactant  







TAaLE 12. ADDED COST (DOLLARS PER kg SILICON) OF OFF-STOICHIOMETRY OPERATION FOB 
n U I D I Z E D - B E D  ZINC REDUCTION OF SILICON TETRACHLORIDE AT 1200 K ,  1 a t m  

. - - -- - - - ii------ - -- -- --- * 

Mole Ratio Zinc S i C 1 4  Fluidized Zinc Zinc S I C 1 4  S i C l 4  
Z n / S I C 1 4  E q u i p m e n t  E q u i p m e n t  Bed Materials E ~ ~ e r g y  Materials E n e r g y  T o t a l  



a r e  roughly balanced by the cos t  of decreased 

ef f ic iency i n  u t i l i z a t i o n  of the  other;  

(2) The added cost  of operating with as much as 

43 percent excees of e i t h e r  reac tant  

(Zn/SiC14 r a t i o s  between 1.4 and 2.88) is 

less than $O.lO/kg s i l i con .  

Actually, when the  data  of the  last column of Table 12 are plo t ted  

a s  a function of Zn/SiC14 r a t i o ,  a minimum is observed at  Zn/SiC14 ~ 2 . 1 ;  

however, the  correspoadi ng cos t  saving of %SO. 002/kg s i l i c o n  is ins igni f icant  . 
Although the  prospect of appreciable cost  ssvlngs i n  off- 

stoichiometry operation does not e x i s t ,  the  second of the  above conclusions 

is s ign i f i can t  i n  two respects.  

(1) S t r i c t  control  of stoichiometry is not 

mandatory from an economic standpoint. 

(2) I f  eny advantages i n  k ine t i c s  o r  i n  the  

form o r  pur i ty  of the  product were t o  accrue 

from operation a t  Zn/SiC14 r a t i o s  # 211, i t  is 

possible tha t  thzy might be obtained a t  rela- 

t ive ly  low cos t ,  depending upon the degree of 

departure from s toichiometry required. 

Experimental Fluidized-Bed 
Zinc ~eduction-of Sic14 

During the course of t h i s  program, nearly 100 experimental runs 

were made i n  which s i l i c o n  te t rachlor ide  was reduced with zinc i n  small 

fluidized-bed reactors  of various designs and under various conditions. 

Runs t o  prepare material  f o r  product qual i ty  evaluation were made ur..ler a 

nominal s e t  of conditions tha t  yielded no conclusions other than confirma- 

t ion  of previous r e su l t s .  

In  a l l  cases, fused quartz was the material  of construction. The 

reactor  diameter, %50 m, was chosen a s  a compromise between the des i re  t o  

limit the  consump;i~-~ of feed materials  and the s i z e  of associated feeding 



equipment and facilitation of t he  f ab r i ca t ion ,  i n  fused quar tz ,  of the  bed 

support designs t h a t  would provide for the var ious  opt ions  of r eac t an t  i n t ro -  

duction and bed dynauaies desired.  

The- run time i n  the i n i t i a l  eq~ ipmen t  was l imi t ed  by the  capac i ty  

of t he  e inc  feed and z inc  ch lor ide  condermation systems. A "miniplant" 

conetructed later provided f o r  increased capac i ty  a s  well as f o r  t r a n s f e r  

of t he  condensed e i n c  ch lor ide  t o  an  experimental e l  r c t r o l y t i c  c e l l .  

Rather than t o  s&riee all of the  da ta ,  t h i r  s ec t ion  of the  

repor t  is organized wi th  reference t o  var ious  sub jec t s  of i n t e r e s t  and the  

r e l a t ed  conclueions drawn. I n  each case, reference t o  t he  Quarter ly Report 

is given in which more d e t a i l s  can be found. 

Sol id Versua Gaseous Zinc Feed 

Because of  the  d i f f i c u l t y  of b o i l i n g  zfnc and feeding i t  a t  a 

cont ro l led  r a t e  t o  a f lu id i zed  bed, t he  p o s s i b i l i t y  of metering s o l i d  z inc  

granules  t o  t he  f lu id i zed  bed from above w a s  explored. Favorable r e s u l t s  

with feeding s o l i d  v o l a t i l e  r eac t an t s  d i r e c t l y  t o  f l u id i zed  beds had been 

experienced a t  BCL i n  t he  coat ing of nuclear  fuel p a r t i c l e s ;  vaporizat ion 

occurs within t h e  f lu id i zed  bed and the  CVD r eac t ion  ensues. Accordingly, 

a r eac to r  of the  design shown i n  Figure 12a was used t o  t e s t  t he  concept, 

with r e s u l t s  given i n  the F i r s t  Quarter ly ~ e ~ o r t ( 1 ) .  The s o l i d  z inc  granules  

used were of '~550-vm diameter. From ~ 1 2 0  t o  %237 g of 210 x 297-urn s i l i c o n  

seed p a r t i c l e s  were used a s  the f lu id i zed  bed. Despite v a r i a t i o n s  of the  

temperature between 750 C and 1000 C and the Zn/SiC14 r a t i o  from 0.6 t o  4 

(stoichiometry = 2) ,  no s i l i c o n  was deposited on the  seed p a r r i c l e s .  Rather, 

a mass of s i l i c o n  needles,  from 100 t o  1000 Dm long and 0.2 t o  0.4 Dm across ,  

was formed downstream of the bed; the higher t he  bed temperature, t he  f a r t h e r  

downstream, suggesting tha t  the  needle formation r e su l t ed  from heterogeneous 

reac t ion  on condensed z inc  drople t s .  While it is  t rue  t h a t  some needles may 

have formed on the  z inc  p a r t i c l e s  introduced i n t o  the bed, those needles 

were probably e l u t r i a t e d  and ca r r i ed  downstream. 



k o r r t e r  Gas 

(b 

FIGURE 12. SCEIEMATIC DIAGRAM OF UNIT FOR THE PREPARATION 
OF SILICON BY THE ZINC REDUCTION OF SIC14 

<a) SO1,ID ZINC FEED 
(b) VAPOR ZINC FEED 



By contrast, when einc w a s  fed as the vapor at temperatures of 

froin 900 to 1027 k In the apparatus of FLgure 12b, and ZnlSiClq ratios 
from 0.55 to 1.8 in 470 d o  dilwnt gas, over 96 percent of the silicon 

produced was collected as dense material on the seed particles. SiC14 

conversion efficiencies in the range of 12 to 40 percent were obtained, 

corre8ponding to from 60 to 100 percent of those expected thermodynamically 

under m y  given condition. The predicted heffectiveaess of hydrogen as 

an added reductant was confirated. 

Accorrdingly, t!w concept of using a solid einc feed was abandoned 

in favor of the vapor feed tc-. hnique. 

Use of Mluent or Carrier Gas 

Although in many CBD reactions an inert carrier gas is used for 

convenience in transportingmaterials, it is recognized that to obtain the 

highest possible production rate from a fluidized-bed reactor where the 

throughput is limited by xtential elutriation of the bed particles, the 

reactants should be dfluted- Bouever, in the preseot.case, vith most of 

the reaction products constituted of condeosible materials, a diluent gas 

(argon or hydrogen) was used initially to avoid potential problems with 

decreased pressure due to condeasation of reaction products. Hence, early 

deposition rates were from 10 to 40 grams of silicon per hour in a 5-cm- 

diaineter fluidized bed. In later work such as that described in the Fifth/ 

Sixth and Sevonth Quarterly Progress ~e~orts(l), in which the diluent was 

decreased to a few percent* (typically 3 to 4 percent), much higher rates 

(above 300 glhour) were obtainable than would have been the case with normal 

concentrations of diluent or carrier gas. 

Xot only does the increased production rate per unit cross section 

of the fluidized 'oed demand the minimization of diluent content, but the 

cost of the latter, if discsrded, or of its recycle if reclaised, is an 

important factor in demanding minimum use. 

* Some r ?n,ondensible gas is necessary to allow the system to "breathe". 



In :any chemical vapor deposition reaction leading t o  the growth of 

par t ic les  Ln a fMdieed bed, it is essent ia l  that  the par t ic les  be kept i n  

arotlcm rela++ve to each.other, otherwise the points of contact cau be bridged ,. 

by dcpozft-xt raat;:rial, leading t o  agglosieration. Further, a layer of stqgnant 

particles expos6d t o  the reactant gases w i l l  become coated with reaction 

product. To avsid stagnatiod, the bei  action must be vigorcn~~. However it. 

is a l so  desirable t o  expose all part ic les  t o  the same reaction conditions oa 

the m;rage and t o  l i m i t  access of the reactant gas t o  the  w a l l  of the fluidized 

bed. The l a t t e r  objectives may be m e t  by using the proper combhation of 

particle site, gas flaw, and design of the reactant inlet system and asso- 

ciated bed support plate. A net flow of par t i c les  up the center area and 

downward along the reactor w a l l  is desirable, similar t o  the par t ic le  motion 

in a spouted bed but without the continuous d i l u t e  phase along the axis of 

the i n l e t  and general absence of gas bubbles that  characterize the l a t t e r .  

The presence of a re la t ively  dense descending layer of par t i c les  along the 

walls i s  desirable t o  minimize contact of the reactants with the &l and 

thus prevent, o r  at  l ea s t  etinhize, "wall deposition". Such par t ic le  move- 

ment requires that  the reactant i n l e t ( s )  be located away from the w a l l  of the 

reactor, aad that  the w a l l  in the vic ini ty  of the dis t r ibutor  pla te  be sloped 

inward toward the reactant inlet (s) . 
Frequently a cone-bottm reactor is used, which is convenient f o r  

deposition from one reactant o r  for a reaction where a second reactant can be 

introduced through a dip tube (Figure 12b). In a larger reactor, i t  is , 

preferable t o  bring both reactants in  from the bottom; houever, it was found 

ear ly  i n  the present 'wrk that  providfng adjacent i n l e t s  fo r  the zinc and 

SiC14 vapors a t  the apex of a cone-bottom reactor, such as shown in  Figure 13, 

Design 0,  was not satisfactory because of s i l i con  deposition i n  the cone area. 

A more satisfactory design was that  shown i n  Figure 13, Design A, 

with a hemispherical bottom and multiple in le t s ;  however, with the zinc 

vapor fed through the outside i n l e t s  and S K I 4  through the center, deposition 

of s i l icon on the reactor wall was s t i l l  a problem, and unless conditions 





were "rfght" (a colnbiuation of parameters not w e l l  defined) , tubes of 

agglomerated par t ic les  coated with s i l i con  were observed to grow upward 

tbrou@ the bed as exte~~iorrs of one or  more of the ginc vapor inlets. 

The most sa t isfactory design, a d  that  f i na l l y  adopted [Fffth/Sixth Quarterly 

Report(')], was t o  b r h g  the rinc f. from the center inlet and the Sic14 

from the outer <nlets. 

It had been c o n s i s t ~ t l y  observed that  deposition occurred preferen- 

t i a l l y  in the areas of high zinc concentration. This behavior can be 

rationalized on the basis that fo r  the reaction 

kinet ic  expressions d g h t  be expected t o  involve a squared term in the 

coacentration of zinc. 

With the zinc vapor introduced in the center, deposition of s i l i con  

on the w a l l  was l u t e d  in most runs to  the area above the fluidizing bed, 

indicating tha t  with deeper beds atzainable in scaled-up reactors, reduction 

of the fraction of s i l i con  deposited on the w a l l  might be obtained beyond 

that  expected =rely from the decrease of the r a t i o  of w a l l  area per unit  bed 

height t o  cross sectional area as the bed diameter is increased. 

Other important aspects of par t i c le  dynamics i n  fluidized-bed 

deposition on seed par t ic les  a re  (1) par t i c le  growth and (2) discharge of 

product. In  the present case, it  is intended that  seed par t ic les  be prepared 

i n i t i a l l y  from semiconductor-grade s i l icon,  and eventually from the recycled 

product, by crushing, screening, and leaching. (Infomtation on th i s  operation 

is given in the Product Quality Section of t h i s  report.) It is desirable 

that  the seed content of the product be minimized for  twd reasons: 

(1) To mhimize the contribution of impurfriee 

from the seed 

(2) To minimize the cost of producing seed. 

Although an economic opt- obviously exis ts ,  the seed content of 

the product chosen f c r  process design purposes is 5 percent, corresponding to 

a ra t io  of deposited material t o  seed of 19 and an average increase i n  par t i c le  



dhsmter,  ia a Betelmiem operation, by a factor  of 2.7. In  actual  practice 

at a a&tant bed inventory and-with seed par t ic les  fed s e m i c o n t i r r ~ ~ ~ ~ l y  at 

B prescribed f ract ioa .of  the producEion ra te ,  the product w i l l  show a 

ehatacter is t ic  s i z e  dis t r ibut ion a f t e r  the system has reached a steady 

.state(!1)- In theory, with the violent mixing that Is c h a r r t e t l s e i c  of the 

lewd of f luidisat ion required, a f i n i t e  number of par t i c les  on the tail of 

the <3istributioo 'curve could grow t o  very large size;  however, in practice, 

with particle d t h d r a u a l  a t  the bottom, appreciable segregation occurs 

apparently in the vicinity of the  high velocity incoming gas jets where the 

terminal velocity of the larger  part2 cles is not reached*, but where the 

smaller par t ic les  a r e  blown back in to  the bed mixture, with the larger ones 

l e f t  behind. 

This behavfor has been deaonstrated with a mixture of sand containing 

glass  ba l l s  of about ten times the diameter of the sand par t ic les  amounting t o  

less than 0.1 percent of the t o t a l  bed weight. Under normal f luidization,  the 

ra te  of ba l l  discharge was about M c e  that of the sand discharge. 

Although it is expected t o  be less of a problem i n  the larger  experi- 

mental f ac i l i t y ,  condensatioa of zinc on the product (as semicontinuously 

withdrawn from the tube a t  the bottom 05 the bed) w a s  observed in the "mini- 

In the extreme, condensation of zinc or  ZnCl2 has been observed to  

plug the withdrawal tube. Proper operation of the product withdrawal system 

depends upon balancing the purge gas flow in the ex i t  line s o  that  pressure 

surges i n  the reactor do not drive the zinc or  ZnCl2 vapor d m  the withdrawal 

tube to  where the temperature of the tube and its contents is belaw the dew 

point of the vapor. This requires a balance of purge rate.  It is obvious that  

the product should be withdrawn slowly and as nearly continuously a s  possible. 

Surges of product resu l t  in displacement of the vapor in the inters t ices .  Pigh 

ra tes  of purge a r e  beneficial  in limiting penetration of vapor in to  the 

* To prevent discharge in to  the reactant i n l e t  system. che velocity i n  the 
gas i rht  proper must obviously exceed t h e  terminal velocity of the largest  
part icles.  

* Approximately 5-=*dime t e r  experimntal  unit .  



withdrawal tube as the pressure at the  bottom of the  bed fluctuates. Boarwer, 

cooling of the exit tuba increases with increasing purge, driving the zone 

at the dew point of the vapor closer to  the reactor and making It more 

accessible t o  condensation during pressure surges. Clearly, a balance must 

be struck. 

After a number of a l ternat ives  were considered i n  the l i gh t  of the 

above factors,  d is t r ibutor  pla tes  of various design were tested i n  a ful l -  

scale n~ck-up using sand as the  par t i c les  and air as the f luidiz ing gas. In 

t h i s  work, described in the l a t h  and Tenth Quarterly Iteports(l), the design 

shown in Figure 14 gaves the most acceptable bed action as judged fropa visual 

observation and from slow-motion pictures, and with minor modifications i n  

dimensions, has been adopted for  the design of the experimental f ac i l i t y .  

Figure 15 is a typical  sequence of frames from the motion pictures,  

showing f i r s t  a collapsed bed, gradually expanding bed with breaking of the 

bubble through the top of the expanded bed, and f ina l ly  return of the bed t o  

the collapsed condition. A t  the scale shown, it is obviously not possible 

t o  discern the predominant motion of the par t i c les  downward along the walls 

in the bottom section of the bed that is readily observed visually. 

Rate and Efficiency of 
, Silicon Production 

As  discussed above in  part ,  the r a t e  of s i l i con  production t o  be 

expected from the zinc reduction appears t o  be limited by the thermodynamic 

equilibrium and the ra te  of feed of reactants t o  the fluidized bed. The 

permissible throughput is a function of the par t i c le  s i ze  and par t ic le  s i ze  

distribution. The major product is a dense deposit of s i l i con  on the peed 

par t ic les ;  h o w - r ,  two co-products must be considered, ( I )  s i l i con  deposited 

on the wall and (2) that  formed as f inely divided par t ic les  that  escape the 

bed. For most economical operation, the yield of the major product must be 

maximized and the throughput also maximized. 

With these as +)le major objectives, a large number of experimental 

runs were made i n  5-cm-diameter c lear  quartz reactors of various design, 



ORIGINAC PAGE 
, OF POOR QUALITY 

8 hol 

7-in. d ia .  4 4 

"Zinc" I n l e t  12 holes (3/32-in.)  
.es (5/32-in.)  equal ly  spaced 

equal lv  spaced r-3.75-in. dia .  -I 

FIGURE 14. DIAGRAM OF ROUHWBOTTOM DISTRIBUTOR 
USED IN MODEL STUDIES 





sene s f  which have been already shown as Figures 12 a d  13. The bulk of .. ...? ;. 6 ,  
. . 
tbfs work aepea& in the f i r s t  seven of the  Quarterly Progress Reports(l). 

hthr  than t o  review a l l  of this work, the major conclusioace 

w i l l  be sknar i sed  with appropriate references given t o  ttre supporting data. 

k in any work of t h i s  type, considerable e f fo r t  went in to  solving operational. 

problems with the  exper5aental equipment. That wor& w f l l  not be discussed 

except as it re la tes  t o  cer ta in  design features of the 50 MT/year f ac i l i t y ,  

e.g., vaporization of zinc. Such topics w i l l  be considered individually i n  

later sections of this report. 

Effect of Reactant Throughput 
and Par t ic le  Size 

By going to  a reactor ou t le t  design which minimized i n e r t i a l  loss* 

of bed material t o  the ex i t  l ine ,  and by using a graded-temperature bed ( to  

be discussed la te r ) ,  the highest r a t e  of deposition obtained was 344 g/hour 

on the seed par t ic les  i n  the 5--diameter reactor (Run No. 64), which (on an 

area basis) scales di rect ly  t o  25 MT/year (80 percent on stream) i n  the 

6.5-inchdiameter reactors tha t  form the basis f o r  the 50 MTIyear f a c i l i t y  

design. It is believed that  the deeper beds in  the larger  un i t s  may lead to  

efficiencies"" exceeding the 62 percent observed i n  Run 64. However, i f  the 

thermodynamically calculated eff ic iencies  a re  valid,  there may be limited 

tooh for  improvement, a s  the conversion eff icienciep of SiC14 t o  s i l i con  (bed + 
wall + "dust") were consfstently i n  the range of 4 5  t o  95 percent of 

theoretical. 

The above-referenced resu l t  was obtained d . t h  a seed bed of 149 x 

297 urn part ic les  which increased in volume and bed depth by 96 percent during 

the run, i.e., from an L/D of 3.5 t o  7. 

* A s  distinguished from loss by e lut r ia t ion.  

** Fraction of s i l icon fed as s i l i con  chloride tha t  is collected on the 
seed part icles.  



Subsequent runs (Nos. 69, 72, 78) with a 30 percent deeper s t a r t i n g  

bed on the  average and with l a rge r  pa r t i c l e s ,  279 x 590 pm corresponding t o  
-, . 

a ne t  decreaoe i n  s t a r t i n g  bed area  of t o  ' ~ 3 3  percent of t h a t  used i n  the 

reference run (No. 66)  noted above, the  f r ac t ion  of s i l i c o n  product col lected 

on the  seed p a r t i c l e s  decreased t o  about 93 percent of that observed e a r l i e r ,  

as the  result of  a 6 0  percent increase i n  the amount of f i n e l y  divided 

s i l i c o n  carr ied  downstream, i.e., from 1\18 percent t o  ' ~ 1 4  percent. Another 

run with a shallower bed of the  l a r g e r  p a r t i c l e s  (equivalent t o  '~18  percent 

of the  surface area of the  reference run) resul ted  in even lower eff ic iency 

of col lec t ion  of  s i l i c o n  on the  bed pa r t i c l e s .  

The va r i a t ion  of ef f ic iency with bed a r e a  discussed above a d  the  f a c t  

tha t  i n  ea r ly  runs on the  program (Nos. 8, 9, 11, 13) with the  reac tants  d i lu ted  

with 70 percent i n e r t  gas, the recovery of the product s i l i c o n  on the bed 

p a r t i c l e s  w a s  grea tes t ,  is consistent  with the  ant ic ipa ted  competition of  

heterogeneous deposition with gas-phase nucieation and growth. Clearly the  

production of gas-phase nucleated material  must be minimized f o r  g rea tes t  

economy and operabil i ty.  A t a rge t  of 2 percent of the s i l i c o n  product a s  

s i l i c o n  dust has been established f o r  the  experimental f a c i l i t y  with the 

probabil i ty t h a t  the  system can acconmaodate considerably more. 

Not only is the  s p e c i f i c  surface area of the  bed important i n  its 

po ten t i a l  f o r  l imi t ing  s i l i c o n  dust  formation, but i n  a f fec t ing  the  ef f ic iency 

of deposition on the  seed p a r t i c l e s  -and l imi t ing  deposition on the reac tor  

w a l l  (assuming equal r a d i a l  growth r a t e  on a l l  surfaces).  These fac to r s  favor 

the  use of small pa r t i c l e s .  However, permissible throughput decreases with 

p a r t i c l e  s ize.  Thus there  will  be an optimum bed p a r t i c l e  s i z e  d i s t r tbu t ion  

as determined by i n i t i a l  seed s i z e  and the r a t i o  of seed r a t e  t o  production 

ra te .  These fac to r s  have not ye t  been established. 

Fortunately the  e f f e c t  on overa l l  e f f ic iency of wall deposi ts  w i l l  

rapidly decrease with reactor  sca le  up t o  where periodic chlorinat ion of the 

accumulated material  can be used t o  keep i t  i n  check. By cont ras t ,  gas-phase 

nucleation of s o l i d s  is a volume phenomenon and unless a mechanism is avail-  

able for  capture of once-nucleated p a r t i c l e s  i n  a deeper bed of the same 



f l u i d i z a t i o n  ehcaracter is t ics ,  such p a r t i c l e s  w i l l  be e l u t r i a t e d  from the  bed. 

Thus t h e i r  formation must be cont ro l led  regard less  of  r e a c t o r  s i z e .  

Before leaving the  subjec t  of product c o l l e c t i o n  e f f i c i ency  and t h e  

r e l a t i o n  t o  it of gas-phase nucleat ion,  i t  should be noted t h a t  pa r t ,  i f  

not  all ,  of the  gas-phase n a l e a t l o n  obsenred.may be due t r  mist ing of the  

zinc. The three-body c o l l i s i o n  r eac t ion  

o r  the  sequence 

Zn(g) + SiCl4(g) = SfC12 (g) + ZnC12(g) 

Zn(g) + SiC12(g) Si(g)  + ZnClq (g) 

should both be l e s s  rap id  than 

Further,  i t  has been demonstrated t h a t  s i l i c o n  growth i n  a SIC14 atmosphere 

is rapid on z inc  droplete .  Accordingly, t he  presence of z inc  mist i n  t h e  

vapor should l ead  t o  s i l i c o n  dus t  formation. Such zinc mist could be 

entrained by the  z inc  vaporizat ion,  o r  could r e s u l t  from condensation on 

co3ling by i n s u f f i c i e n t l y  preheated Sic14 o r  product-outlet  purge gas. In  

t h i s  connection, i t  should be recogt:ized t h a t  t he  amount of z inc  condensation 

i n  the gas phase required t o  give the observed behavior would be miniscule. 

A 0.01-urn zinc nucleus f o r  each 1 - ~ r n  s i l i c o n  p a r t i c l e  would have required 

condensation of only 7.7E-6 percent of t he  z inc  fed  i n  a run from which 

an a sp i r a t ed  sample w a s  taken. It is concluded t h a t  every e f f o r t  should be 

made t o  avoid formation of z inc  m i s t  by condensation o r  by entrainment. 



~lnc/Zinc Chloride Condensation 

As indicated in the Thermodynamic Analysis section of this report 

(Figure 9 ) ,  cooling of the reaction product tends to drive the reaction in 

the direction of generating more silicon (kinetics permitting). This effect 

was observed in the early work on the program to have occurred to the extent 

of plugging the exlt line from the fluidized-bed reactor. For that reason, 

it is necebsary to maintain the temperature of the exit line at or above 

the reactor temperature. Further, it may be expected that any zinc condensed 

in the presence of silicon tetrachloride would be coated with a thin film of 

silicon. It is believed that this effect accounted for the sluggish flow of 

zinc condensate in the reactor exit until this line was maintained at a 

temperature equal to or exceeding that of the top portion of the fluidized 

bed so that no zinc condensed. 

The necessity for quenching =he reaction by-product is shown by 

t~. .%lculations of Table 13 which predict equilibrium liquid zinc conden- 

satic from 1~800 C downward. 

Experiments described in the Fifth/Sixth Quarterly ~eport(l) 

demonstrated the formation of silicon crystallites (as well as submicron gas- 

phase nucleated material) in the temperature range 730 to 930 C. Thus, if 

equilibrium by-product condensation were allowed to occur, ample opportunity 

would exist for reduction of residual SIC14 as predicted by the equilibrium 

conversion of Figure 9. 

Electrolytic Recovery of Zinc 
From Zinc Chloride 

As discussed above, the electrolytic cell has two functions: 

(1) To recover zinc and chlorine from the zinc 

chloride by-product for recycle 

(2) Chlorination of the particulate silicon that 

is suspended in the zinc chloride. 

The first function has been demonstrated in the early work of 
(16) (32) Threlfall , Fray , and more recently by Haver, et a1. ( 3 3 ) ,  and Shanks, 



TABLE 13. EQUILIBRIRM CONDENSATION OF ZINC AND 
ZINC ClILORIDE E'ROM BY-PRODUCT GAS 
CONTAINZNG 30.65 d o  Zn (g) , 41.85 m/o 
ZnC12 (g) , 15.23 mlo SIC14 (g) , and 
2.47 d o  INERT GAS 

(Nominal 50 MTlyear f a c i l i t y  by-product 
composition) 

Zinc Condensed Zinc Chloride Condensed, 
T, C cumuLative percent c d t i v e  percent: , 

0 

0 (QJ dew point) 

34.45 

56.49 

70.90 

80.40 

86.45 

96.98 

98.34 

99.01.  

99.44 

99.64 

99.82 

99.87 



et a1.(17), of t h e  B w a u  of Mines. However, t he  by-p~oduct of t he  present  

process d i f f e r s  from the  z inc  ch lor ide  used i n  t he  published work i n  t h a t  

i t  conta ins  unreazted z inc  and suspended s i l i c o n  "dust". Thus i t  became 

of interest t o  v e r i f y  t he  e l e c t r o l y s i s  of zinc chlor ide  by-product and the  

ch lo r ina t ion  of  t h e  contained s i l i c o n .  

The experimental e l e c t r o l y t i c  c e l l  as i n i t i a l l y  used ;Jith v e r t i c a l  

e l ec t rodes  is shown i n  Figure 16. However, t o  avoid l o s s  of cur ren t  e f f i c i ency  

due t o  rechlor ina t ion  of  deposi ted zinc,  hor izonta l  e lec t rodes  were later 

used and t h e  cell was.niclce1 p l a t ed  t o  reduce corrosion by t h e  evolved 

chlorine. Further ,  a syphon arrangement w a s  subst izuted f o r  t h e  bottom- 

de l ive ry  valve which was subjec t  t o  malfunction. I n  accordance with the  

Bureau of Mines p rac t i ce ,  50 m/o KC1 was used in  most runs t o  increase  

conduct ivi ty  and t o  decrease ZnC12 v o l a t i l i t y .  

Table 14 summarizes t he  da t a  obtained i n  s e l ec t ed  runs from r. :n 

the  following conclusions could be drawn. 

(1) The miniplant by-product condensate can be 

e lec t ro lyzed  t o  recover z inc  and chlor ine  from 

t h e  contained ZnC12 without apparent i n t e r -  

ference (such as c e l l  short ing)  by the  contained 

suspended z inc  and s i l i c o n  dust .  

(2) S i l i con  dus t  suspended i n  the  by-product con- 

densate can be chlorinated i n  the  e l e c t r o l y t i c  

c e l l  at l e a s t  up t o  3.4 percent of t h e  s i l i c o n  

production of the f lu id i zed  bed. 

(3) Cell  vol tages were higher than t \ose exper. znced 

by the  Bureau of Mines work; t h i s  is believed 

t o  r e l a t e  p a r t l y  t o  e lec t rode  r e s i s t ance  l o s s  

and perhaps t o  l e s s  e f f i c i e n t  mixing of the  

ZnC12 with the KC1 e l e c t r o l y t i c  inventory. 

Sclut ion of t3f.s problen: is bei:~g pursued. 

In  Table 15  a r e  l i s t e d  per t inent  da ta  on the  h i s to ry  and pro jec t ions  

f o r  ZnC12 e l e c t r o l y s i s  from which i t  can be concluded t h a t  a projected 

e l e c t r i c a l  energy requirement of abcut 2 kwh per pound of z inc c lec t ro lvzed  

appears t o  be reasonable. 
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ZnCI2/trl Saorage Pot 
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FIGURE 16. SCHEMATIC DLAGitGi3 OF E??ERI?fENTAL ZIXC CHLOIII3E ?0 
ZIYC E C O V E R Y  SYSTEX AS O R I G X N U L Y  C9NSTITUTED 

(see t e x t  for nodifications) 
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Although zinc is sufficiently vo l a t i l e  t o  ba feasible  as a 

reductant i n  the  psesent process, the boiling twperattue (908 C at 1 am, 
918 C at 1.1 am, and 927 C a t  1.2 a m )  is Ugh amugh so tha t  the prospect 

of monitorlug flow rate by pressure drop across a d c  o r i f i c e  is not 

a t t ract ive .  This would require operattag the boi ler  at pressures appreciably 

above 2 am, 5.e.. at boiling temperanues ebwe 980 C 

We use of a f h h  vaporher  with a metered stream of l iquid zinc 

w explored as an alternative. This arrangenent had been used successfully 

in the miniplant, as picturei i n  Figure 13, with the  vaporizer temperature 

at 1350 C. Although this flash vaporizer was marginally sat isfactory on a 

d l  scale with quartz equipment, the prospect of scaling it up by a 

factor  of 10 t o  provide the 1/2 kg of zinc per minute required fo r  each of 

the two 25 m/year reactors of the projected 50 =/year f a c i l i t y  appeared t o  

be formidable. In attempting t o  decrease the temperature of the f l a sh  

vaporizer, it was found tht the imte.:tory of zinc i n  the vaporizer wouid 

have t o  be undesirably large, result ing in a hysteresis in zinc vapor flow 

following a change i n  the l iquid feed rate. Although the heat-transfer 

coefficient  f m  graphite (the preferred l i n e r  material) t o  boiling zinc was 

fouud t o  be high (450 BTU/hour*ft2-F), zinc does not w e t  graphite, and a thick 

film (representing a s ignif icant  inventory) is present on the heat-transfer 

surface. Details of the types of "flash" vaporizers considered theoretically 

and experimentally a re  given i n  the Seventh, Eighth, and Ninth Quarterly 

~ e ~ o r t s  (l) . 
A s  none of the vaporizer designs consiciered were a t t ract ive ,  induc- 

t ion coupling of energy direct ly  to  the l iquid zinc was explored. I f  the 

thermal capacity of the vaporizer and the degree of superheating can be 

minimized i n  a direct  induction-coupled system, it should be possible to  

control the r a t e  of vaporization by the ecergy input with a minimum of 

hysteresis. 



The Tenth Qwuterly Report describes an experiment in which boi l ing  

rates of 112 a d  1 pound per &ute of zinc* were readi ly  maintained i n  a 

horizontal  vaporizer c o a s i s t f q  of a quartz tube 57 i n  diameter and 30 cm 

in length. To a i d  in initial heating of the  vaporizer ( in to  which l iqu id  

zinc was emetered) as w e l l  as t o  reduce the  inventory and t o  decrease misting, 

the cross sec t ion  of the  tube was f i l led d t h  114- t o  3/&inch graphite chips. 

10o attempt was made t o  coat to1 the  rate of vaporitatiorr by energy'input 

except t o  raise t h e  energy input  t o  the point tha t  the  vaporization rate (as 

measured by w-iag the  condensed zinc  coatiauously) was equal t o  the l iqu id  

feed rate (as metered by displacentent). 

Subsequent contacts with Lepel, Inc., makers of the  induction 

heating equipment, confixated the  f e a s i b i l i t y  of control l ing  the  vaporization 

rate by mergy input-  Lepel engineers are also considering the  f e a s i b i l i t y  

of sensing the zinc inventory i n  the vaporizer by its induction coupling 

character is t ics .  Although tha t  method of control  may be desirable,  i t  has 

been determfuad tha t  the  zinc l e v e l  can. be readi ly  sensed by a simple electric 

contact consist ing of- a sheathed tungsten wire. Even i f  an impedance-based 

sensor were t o  be used, an electrical contact indica tor  should probably be 

incorporated as a backup. 

Product Quality 

As mentioned e a r l i e r ,  the f e a s i b i l i t y  of preparing semiconductor- 

grade s i l i c o n  by the zinc reduction of s i l i c o n  te t rachlor ide  has been demon- 

s t r a ted  by DuPont, although improved uniformity of product appeared t o  be 

desirable and is thought t o  be a t t a inab le  through the semicontinuous opera- 

t ion  of t h i s  program. Most of the work wlth the miniplant has re la ted  t o  

study of the  process, i n  which case seed be& of crushed metallurgical-grade 

s i l i c o n  were w e d  f o r  reasons of economy. However, several  runs were made 

saith seed of semiconductor-grade s i l i c o n  crushed, leached and dried,  and with 

semiconductor-grade s i l i c o n  te t rachlor ide  as the  feed material .  The zinc 

* The 1 pound per minute being about tha t  required by one of t h e  25 MT/year 
un i t s  of t h e  SO F!T/year f a c i l i t y .  



was distilled zinc obtaindl in Ingot form from blstont S6B, Inc. The zinc 

ingots were cleaned after machidq by degreasing. 

A total of 6.1 kg of product for qualfty evaluation bas been 

forwarded to JPL. Scwe of this was as the product of single runs with seed 

contents rang* from 30 to 50 percent. EQwever, late in the program, a 

series of rum was emde in &idh the product served as the seed for subsequent 

nms. In this way seed contents as low as 5.6 percent were obtained. Table 16 

mrmwrhes the gemology and d5sposition of thFs materfal. 

In some of the nms made in the miniplant for quality-evaluatios 

purposes, the product was recovered after the bed had been purged (at operating 

tenperature) to remove zinc vapor. Despite this precaution, some zinc conden- 

sate was observed oa some of the particles. In qther runs where a sdcontinuous 

product withdrawal system was used, zinc condensation occurred briefly in the 

particle withdrawal tube as discussed under the section of this report on 

Particle Dyaamics. 

The actual zinc content of the granular silicon sent to JPL for 

evaluation is uncertain, spark source mass spectrometric analyses having ranged 

from 140 to 3000 ppmw. A series of experhents is being run to detezmine 

(1) what part of the zinc is on the surface (e.g., as condensate), (2) what 

part has been entrapped in the growing granules, and (3) what part can be 

removed by a simple heat treatment. Further, .JTL has submitted samples for 

neutron activation analysis as will be discussed below. 

The problem with analysis of as-produced particles by the spark 

source mass spectrometer is that only one or a few particles are "seen" in 

the analysis. As the particle-to-particle composition uniformity should be 

good during the growth process, one particle should be representative of the 

entire bed. However, in the matter of zinc condensed' on the outer surface 

considerable inholnogeniety might be expected. 

With the objective of eliminating contamination of surface-condensed 

zinc and whatever occluded zinc that might diffuse to the surface in vacuum 

heat treatment, tbe products of Runs Nos. 97 and 98 were heated for 1 hour 

at 920 C in an evacuated quartz tube before shipment to JPL. In the course 

of this heat treatment, No. 97 lost 1090 ppm of zinc and No. 98, 1280 ppm. 



TABLE 16. GENEOLOGY AND DISPOSITION OF QUALITY HVALUATION PRODUCES 

ia-.-.-. --.-- - - * *  -----. - . - - -- 

- ~ l b p o s i  t ibn 
Ini t ia l  Bed Final Bed Seed Content, To JPL, ~ e e e r v e , ( ~ )  ~esidue,(~) , Recycled 

Run No. Weight, g Weight, g percent 8 8 I Weight, g To Run Po. 

92 371 687 33 .3  -- --- -em 500 ,93 
187 94 

(a) Free flowlng material, retained at BCL. 

(b )  Contamir~aced with zinc on withdrawal (see text) ,  retained at BCL. , 

(c) 105- x 749 Jan rsmtconduccor-grade s i l icon seed. 



With the  poss$bflitp of surface eoatamhatioa obviated, res idual  

zinc detected in subsequent- rmalyses of these samples would thus be 

a t t r i b u t a b l e  t o  the balk material. . 

Because of hfgh v o l a t i l i t y ,  it has not been possible t o  dope 

s i l i u m  w i t h  zinc in the work at W e s t i n g h o ~ / ~ o w  Combg (3s) m d  at 

sfUcm, residual zinc  is expected t o  be evolved and a f w  thousand ppm 

w wt be detdnmtal In the  product fed t o  t h a t  melting step. To determkre 

the loss of z inc  on fusion of the silicon, txso products, one high and oae low 

in zinc, were melted and held molten at  1.1440 C f o r  1 hour in vacuum and i n  -, 

a stream of gettered argon. The results are given i n  Table 17. 

TABLE 17. REMOVAL OF ZINC FWN SILICOIU OM 
FUSION IN ARGOH BM) VACUUM 
(1 hour, 1.1440 C, sample weight 2.5 g) 

Zinc in Sflicon, ppmw (atomic absorption) 
BM SO. Product Ikm 97 Product 

180 
1500 

Bme (as-produced) ( a f t e r  920 C vacuum 
heat treatment of solid), 

Vacuum, 1 hour 50 10 

Argon, SO cc/minute <30 - <6 

The 3 E o f  argon tha t  w a s  passed over the  2.5-g s i l i c o n  sample is 

more than su f f i c ien t  t o  account f o r  rentoval of zinc from the  1500 t o  6 ppm 

leve l  by the most conservative assumptions. The reasons f c r  the discrepancies 

between the r e s u l t s  of the argon purge and t h e  vs~uum treatment (which should 

be more ef fec t ive)  may be re la ted  t o  the presence of an oxide o r  n i t r i d e  f i lm 

on the s i l i con ,  which although of insuff ic ient  thickness t o  be v i s i b l e ,  would 

be expected t o  const i tu te  and e f fec t ive  diff:!.;ion b a r r i e r  for  zinc removal 



at the sur4ace. The effective purity of the argon may have been higher than 

that  of' the vacuum. 
, . ., It is evident tha t  the sink content of the product can be reduced 

to  t4e + Jewel  er below by fusion of the silicon. Whether o r  not si3c 

removal ie xmcessary remains t o  be deteqdned. It is posslble that  the 

zinc coateat can be adequately reduced by heat treatment short of fusion. 

The reason fo r  the large difference i n  occluded zinc content between 
. . 

the products of Ilrkur 50 and 97 is probably significant and w i l l  be studied. 

kept for  the question of c o a t d a t i o i  by surface-condensed zinc 

(which is-removable by leaching o r  vacuum heat treatment), the analysis fo r  

zinc bs under control as iadicated by the data of Table 18. Neutron activa- 

t ion and atomic absorptioa appear t o  give the nost re l iab le  analysis; however, 

the accuracy of the mass spectrometric analysis could undoubtedly be imprqved 

by the use of standards. 

TBBLC 18. COMPARATIVE ANALYTICAL RESULTS, 
p p m ?  E'OR ZINC IN SILICON 

Analytical Method 
Sample 

9 7 98 

Spark-source spectrometer, BCL 3000 2000 

Atomic absorption, BCL 1500 - 
Neutron activation, LLL (37) 

from decay of 30~n65, t l l 2  = 250 d 1480 - + 1 2  1519 + 12 - 
from decay of 302n69, '112 = 13.8 h 1469 - + 12 1517 f: 12 

Comparison of mass spectrometric (SSMS) and neutron activation (NA) 

analyses for other elements is made in  Table 19. 

For those elements not l i s t ed  as "<" (inconclusive) the SSMS analyses are 

reasonably consistent with the NA analyses for Zn and Sb 5ct  nc t  f o r  Na and W. 



Run 97 Bun 98 
Ele~meat ssm (a) NA(~) S S ~  (a) NA(W 

Fe 

Eli  

SSMS a spark source mass spectrometer, BCL. 
NA = neutron activation, LLL(~~) 
Parenthetical values indicate that nuclide was not detected above 
background. 
NA via zni;. 
NA via Zn 
NA via ~ ~ 9 5 :  
NA via 21-97 
NA via sbl2i 
NA via ~ b ~ ~ ~ :  



The soditmi in the SSllS analysis is believed to come from the high-purity 

graphite used to form an electrode of the silicon granules by compaction, 

or from c o n t ~ t l o n .  The reasau for the difference in tungsten values 

ia not clear. 
t 

For what it i s  worth, the SSPiS analyses show 0.02 ppmss (0.06 ppma) 

boron in the products of lkms 97 and 98. .However, because of the possibility 

of contamination as in the case of sodium, confirutation by other methods or 

comparison with uucmtaminated standards is necessary before these values can 

be taken seriously. 

The significance of the elements for which the neutron activation 

analysis appears to give meaningful results will be studied as additional 

data are obtained. 

In terms of bulk properties, the granular product is free flowing, 

with the particles becoining more nearly spherical as shown in Figure 17 which 

compares the product of Bun 64 containing about 50 percent residual seed with 

that of Run 97 csntaining 5.6 percent residual seed. 

The density of the as-produced particles approaches theoretical as 

indicated by the density measurements shown in Table 20. 

Material Particle Size, pm Density, g/cm3 

Silicon . . -- 2.33 (theoretical) 

Run No. 91 Product 
(5.6 percent seed) 

Corrected (-0.3 percent) for 
assumed 1500 ppmw Zn 2.320 

Density, percent of theoretical 99.6 

* Pycnometric density (xylene) measured with granular material. 









For curposes of large-stale f e a s i b i l i t y  study &d ref i-nt of 

cost  estimates, the design of a 50 HT/year f a c i l i t y  w a s  i n i t i a t e d .  Contingent 

upon continued favorable indicat ions of technical a ~ d  economic f e a s i b i l i t y ,  

building, debugging, and operating t h e  f a c i l i t y  k t  BCL are conte.eplated as 

Phases 111, IVY and 8, respectively, of the  present program. 

Several o;ojectives would be sewed: 

1 Coufirmatioo of technical  f e a s i b i l i t y  

(2) Confinnation of economic f e a s i b i l i t y  

(2) Refinement of design 

( 4 )  Denumstratioa and r e f i n e ~ g n t  of operation 

(5) ?revision 02 l a rge r  quan t i t i e s  of 

representative product t o  a i d  i n  meeting 

the materials  requirements of the  LSA and 

other  programs 

(6) Provisi-n of a base for  the  tr,anssfer of 

technology t o  coumercia? in te res t s .  

lhree  organizations have cooperated i n  fornulating the design of 

tho 50 =/year f ac i l i ty .  The SiC14 pur i f ica t ion system was the primary 

responsibil i ty of Pace Engineers, Inc. (race), of Houston, Texas; the 

remainder of the m r e  conventional aspects of the design r*.rs handled by 

Raphael Katzen Associates Tnternatfoual, Inc. (RKAII), of Cincinnati,  Ohio; 

and the less conventional aspects of the design and its overa l l  integrat ion 

were ha2dled by BCL i n  c o o p e r a t i o ~ ~  with IUUII. 

As the f u l l  design, submitted t o  JPL i n  ea r ly  April,  1978, fo r  

t h e i r  consfderation, replosents a large package, i t  is  & f f i c u l t  t o  report i n  

d e t a i l  without reproducing t5e packags. The design oackage is referred t? 

a s  Zeference 38. 

XccorGingly, a fciw of t h e  most s ign i f  i :ant 3rauings a re  reproduced 

here v i t h  e-qlanatory notes so  t Ikr  the current s t a t  .; ~f the prDgram . 1:: be 



appreciated by the reader. It i s  recogeiged 
. . tha t  the hawlngp c o a t a h  some 

detatl tha t  may not be legible at: the l u l e  d here; however, they an 

be%&-' t o  br suff ic ient ly  info-t$ve tor '& present purpose. In t5e 

ioprest of c p ~ t i n l d t y ,  .or. of h e  matertd c i t ed  &rlier i n  this report 
: '  ~ - 

is repeated. 

50 Whfear ~i Faci l i ty  Desi* 
-C- - 

- - 

In general, the process p&des fer Isi*fnn prPified s i l i con  tetra- 

c h ~ o r l d e  imd tine wpor r the i-= p q  of a iiuidi?* bed + sillem seeti 

par t ic les  on which the reaction product accumulates as a rela t ively  dense 

a d  adherent deposit. The by-product zinc chloride vapor and uureacted zinc 

vapor are condensed and rooted t o  e lec t ro ly t ic  cel ls '  f o r  recovery and recycle 

of the zinc. The uareacted. si: icoa tetrachloride is recycled to  the purifi- 

cation unit.  In a production plant, the chlorine from the zinc chloride 

e lectrolysis  would be used to  produce the make-up s i l i con  tetrachloride by 

reaction with aretalluqical-grade s i l i con  o r  with s i l i con  carbide; however, 

i n  the experimentiil. f a c i l i t y ,  it was deesued prudent t o  bypass t h i s  step, 

since s i l i con  tetrachloride is readily available a t  a reasonable cost. 

Further, when the chlorination s tep is eventually undertaken fo r  minimizing 

overai l  cost, the design can be based on vell-established practice, which 

needs ,lo ver i f icat ion i n  the experirsental f ac i l f t y  cousidered here. Accord- 

ingly, the chlorine from the e lec t ro ly t ic  c e l l s  Is converted t o  sodium 

hypochlorite fox use locally i n  t reat ing sewage plant effluent. The chlorine- 

to-hypochlorite conversion system is integrated i n  the waste treatment sectioa 

of the f a c i l i t y  with a system for  neutraiiziag and disposing of the waste 

s i l i con  tetrachloride from the purification systera. 

Table 21 lists the! major destgn parameters of the 50 =!year S i  

exper*tmental fac i l i ty .  It is t o  be noted that two 25 =/year fluidized-bed 

uni ts  nominally of 6.5-inch I D  are  used for  f l ex ib i l i t y  aad as a reasonable 

scale-up from the 2-inch I D  reactor used i n  the miniplant. Although the 

nominal design is for 6.5.-inch (16.50~1~) diameter, f i n a l  choice will probably 

be for  soamhat  larger,  e.g., 7-in& (17.8-cm) d i a e t e r .  The capacity of 



TABLE 21. DESIm P- - 50 MI/YEAB 
SLLICOa EXPEBINE2QTAL FACEITY 

a &-stream factor 80 percent 

Za/SiC14 stoichi-try 

Reaction temperature 

Operation pressure 

2/ 1 

927 C (1700 F) 

%1 atm above f luidized hed 

Conversion of Sic14 63 percent per pass 

Production r a t e  7.20 kg/hour (15.87 lb/hour) 
(16.8 g / h c u r / ~  cross 
sect  ion) 

a Seed requireaent ( 5  percent) 0.36 kglhour (9.79 lblhour) 

Fluidized-bed reactors (two) 16.5-cm (6.5-inch) diameter 

a SIC14 purification by 
d i s t i l l a t i on  

92 percent center cut 

Zinc recycle by e lectrolysis  Six 5000- to 6000-amp c e l l s  

Zinc recovery 95 percent 

C17 disposal Conversion .to SaOC1 



each uni t ,  3.6 @/hour, Is a direct scale-up on an area b i s f r a a i  the  

340 $/hour production 1-1 a t t d n e d  in the  d a f p l a n t  un i t -  The 63 percent 

SiCll conversion per pass is a projection of midp lan t  experience; however, 

the seed requirements (5 percent of productim) am6 the  zinc recovery 

(95 percent) estimates are s a n e w h a t  o rb i t t a ry  at this p o h t  and subject  t o  

modification by experi&ce. 

As the  i n i t i a l  bas is  of design, -1 and Pace were provided with 

materials and energy flow sheets  of the type shown i n  Table 22. The version 

given i n  Tabie 22 was the  l a s t  revision (October 20, 1977) in tha t  format. 

Subsequent changes were made d a  the  design pacme!38) as it progressed. 

A major difference between Table 22 and tke  fS-a1 design was the subst i tu-  

t ion  of #aOB neutra l iza t ion of the waste Sic1 the Ca(OE)2 neutra l iza t ion 

which was thought at  the t h e  t o  be more economical. 1ntegra:ing the SX14 

w a s t e  disposal and chlorine t o  hypochlorite improves the  overa l l  design. 

Other less fundamental changes - f t o m  the  October 20, 1977, version w e r e  &de 

as the  design proceeded, and a r e  ref lec ted  in the discussion that  follows. 

In the discussion tha t  follows, the  process is divided i n t o  three 

sect ions -- Feed Preparation, Reaction and Xecovery, and Waste Treatment. 

Feed Preparation 

Figure 19 shows the  feed preparation s e c t a m  of the f a c i l i t y ,  with 

process flow r a t e s  tabulated a t  upper l e f t .  S i l i a n  t e t r a c h l o r i ~ e  of the 

approximate analysis  given i n  Table 23 is received i n  40,000-pound tank 

trucks. This material is purif ied by d i s t i l l a t i o n  i n  two columns (light-end 

and heavy-end) with intetmediate surge tank (TlOl i n  the  f igure) .  A 32- 

percent centel cut is taken, wfth 4 percent each of tops and bottoms going 

t o  waste. The purif ied product f r a  the top of the heavy-ends =olumn goes 

t o  a feed tank that  supplies each of the sic14 ho i l e r s  fo r  the NO 25 XTlpear 

S i  fluidized-bed units.  As shown i n  Figure 19, the pure SiC14 storage tank 

t~ compartrmatalized ( renta t ively  i n  s i x  sec t ions j  to  perr-it independent 

q w l f f i c a t i o n  of l o t s  of SiC14 before committing them t o  use. Xftrogen is 

proviied to  allow the various uni ts  t o  breathe to  a vent system, the SiC1, 
w 
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Typical Analysis, Target Analysis, 
Compound or Element as product, ppb 

98 percent (mixi) 

'62 percent [plax(b) I 
0. X percent 

3-10 ppb . 

0.5-5 ppb 

0.2-1.5 ppb 

40-100 ppb 

40 P P ~  

1-5 ppb 

3 P P ~  

1 P P ~  

NI) 

ND 

m 
ND 

ND 

balance 
- 
- 
1 

2 

<1 

<1 

<1 

- <I 

<I 
-- 
- 
-- 
- 
-- 
--- 

(a) .- :ade A160, Union Carbide Company, Sis tarsvi l l e  , West 
Virginia. 

(b) Controllable to lower l eve l s  by avoiding cross pro?-ict 
contam-nation in  loading and shir?ing. 



condensate f r o m  which goee t o  w a s t e .  An emergency otorage tank is provided 

s o  tha t  the  contents of un i t s  containing appreciable quan t i t i e s  of sick can 

be .conveniently drained if necessary. The M i v i d u a l  compartmen'ts of the 

pure SiC14 feed taak can be & a d  t o  the SiC14 storage tank f o r  repur i f i -  

cat ion o r  t o  t h e  SiC14 emergency storage tank as desired. 

The feed.preparation sect ion is designed t o  operate at  pressures 

of up t o  60 psig. 

Reaction and Recmsry 

Figure 20 shows the  reaction and recovery sect ion of the  f a c i l f t y  

with process flow ra tes  tabulated at upper l e f t .  

Pur i f ied  SIC14 from the  feed preparation sect ion is heid a t  constant 

l eve l  (pumped from storage) and constant pressure (power input-controlled) 

i n  the SIC14 bo i l e r  from where i t  is metered by gas-flow control  i n t o  a pre- 

heater  i n  the bottom section of the  f luidized bed. Provision is made to  

introduce an i n e r t  gas a t  t h i s  point t o  purge the  prcduct withdrawal l ine .  

This ad&tion will a l so  avoid the  problems inherent i n  systems containing 

a l l  condensible vapors. A proportionate flow control  provides f o r  continuously 

bleeding pa r t  of the  bo i l e r  contents t o  storage t o  prevent impurity build-up. 

The SiC14 vapor entering the  bed is met by an approximately stoichio- 

metric* quanti ty of zinc vapor. The s i l i c o n  product grows on s i l i c o n  pa r t i c l es  

introduced as seed from tne hopper shown atop the reactor  adjacent to  a s i g h t  

port. The granular product is withdrawn from the  bottom of the reactbr  at 

a r a t e  equal t o  the production r a t e  [controlled by maintenance of constant 

bed l eve l  (pressure-drop monitored) 1 
Provision is made t o  periodical ly chlorinate the f rac t ion  of the  

s i l i c o n  tha t  deposits on the f lu id ized bed x a l l  s o  a s  not t o  have excessive 

build-up . 
* A s  noted e a r l i e r  i n  t h i s  report (Table 12),  calculat ions have shown no 

economic advantage i n  deviating from stoichiometry. Further, the incidence 
of gas-phase-nucleated s i l i c o n  tends to  be increased on the zf 3c-rich 
side. 



V .  . re i i .  . , 

. , The einc/einc chl"o3Sde. component of the  by-product is condensed i n  

a large  condenseriheat exchanger (CO be d i i cwsed  l a t e r )  and flows through an 

e$ectrolysis feqd sank in to  a bank of e l e c t r o l y s i s  cells ( t o  be discussed 

l a te r ) .  I n  the  design version shown in Ftgure 20, the  SiC14/inert gas 

component of the  by-product is passed fhrough G t e r n a t e l y  cooled (for  

condensation) and heated ( fo r  meli-down) ZnC12 s t r l p p e n ,  and than through 

a glycol-cooled condenser t o  remove SiC14 f o r  recycle. A s impl i f ica t ion of 

the design ha8- sinee been made providing f o r  w e  of a s ing le  ZnC12 s t r i p p e r  

operating j u s t  abuve the'  melting point and which w i l l  all- the s m a l l  amount 

of ZnC12 t h a t  escapes t o  condense (as a s lu r ry )  with the SiC16. 

An organic heat exchange f l u i d ,  ~herminol*, is used t o  maintain 

proper temperature l eve l s  f o r  condensation i n  the large  Zn/ZnC12 condenser 

and ZnCIZ s t r ippers ,  and f o r  melt-down of the ZnCIZ s t r ippers .  

Condensed zinc arid ZnClq, containing s m a l l  quan t i t i e s  of suspended 

s i l i c o n  flows from the e lec t ro lys i s  feed tank (provided with a load 

c e l l  f o r  content monitoring) to  one o r  more of the e l e c t r o l y t i c  c e l l s  ( to  be 

discussed l a te r ) .  The l iqu id  zinc entering the  e l e c t r o l y t i c  c e l l s  plus tha t  

produced by e lec t ro lys i s  of the ZnCIZ is withdrawn t o  the zinc storage tank 

by an overflow system whose height is chosen t o  prevent overflow when the zinc 

has dropped t o  where ( s t i l l  above the submerged o u t l e t )  the head of ZnC12 

(controlled via a leve l  indicator)  is insuf f i c ien t  t o  cause flow. Prevention 

of accumulation of impurities from the  zinc is accomplished by periodic 

manual skimming of the zinc o r  ZnC12 content of the e l e c t r o l y t i c  ce l l s .  Zinc 

from the load-cell-mo* tored zinc storage tank is fed by gravity t o  a constant 

l eve l  tank tha t  feeds the zinc vaporizer. The zinc vaporizer ( to  be discussed 

l a t e r )  is ind*rction heated, d i r e c t l y  coupled t o  the zinc s o  that  th2 vaporizs- 

r ion r a t e  can be control led by power input. It is  possible tha t  the zinc 

Inventory i n  the vaporizer can be monitored by the current-voltage relat ionship 

i n  the induction heater with the constant l e v e l  device a s  back-up. 
- - -  ~ - 

* Monsznto Indust r ia l  Chemical Company. 

** Gas-phase-nucleated s i l i con  that  does not accumulate on the seed 
pa r t i c l es .  





P r g v i e i o r ~  are made f o r  appropr ia te  pressure  equal iza t lon  and 

ven tin$, of t he  r eac t ion  and recovery sys  tern. 

Waste Treatment 

The waste treatment s ec t ion  of t he  f a c i l i t y  shown i n  Figure 21 has 

two primary funct ions:  (1) t o  convert t he  ch lor ine  from the  e l e c t r o l y t i c  c e l l s  

t o  hypochlorite t h a t  can be disposed of i n  l o c a l  sewage treatment and (2) t o  

n e u t r a l i z e  and d i l u t e  the  SIC14 waste ( tops and bottoms from d i s t i l l a t i o n  and 

vented SiC14). 

I n  removing t h e  hea t  of reac t ion  between ch lo r ine  and NaOR t o  form 

hypochlorite,  a i r  cooling of t he  hypochlori te  has been combined with scrubbing 

of t h e  air from the  p l an t  a r ea  i n  t he  l a rge  un i t ,  -E7, termed the  Area/Vent 

Gas Scrubber. This scrubber is p rodded  with two sets of perforated t r a y s  

over which so lu t ion  is rec i r cu la t ed  i n  two respec t ive  loops. The bottom loop 

conta ins  1 perceqt N~OH* and the  top loop, e s s e n t i a l l y  19 percent NaOH a s  i t  

comes from the  Caustic Storage Tank, E6. The s ~ l u t i o n  i n  t h e  bottom loop 
** 

c i r c u l a t e s  across  t he  t r a y s  and through one of two interchangeable eductors  

(E8) where i t  meets and r e a c t s  with the  ch lor ine  from the  e l e c t r o l y t i c  c e l l s  

t o  form hypochlorite solut ion.  The NaOH concentration i n  the lower loop is 

maintained a t  1 percent by demanding overflow from the top (19 percent NaOH) 

loop. The n e t  hypochlorite so lu t ion  production is pumped out  of t he  lower 

loop and i n t o  the  Hypochlorite Storage Tank a s  cont ro l led  by a constant  l e v e l  

device. A flow of outs ide  and/or i n s ide  air .  through the  ~ r e a / V e n t  Gas 

Scrubber cools  the  hypochlorite so lu t ion .  Chlorine l o s t  by v o l a t i l i z a t i o n  

from t h e  lower t rays  is reabsorbed by the 19 percent NaOH i n  the upper loc?. 

An exhaust blower, E9 (%10,000 cfm), in the scrubber e x i t  is used t o  move the  

a i r  through the  t rays .  

Neutral izat ion of the  SiC14 wastes is taken care  of i n  thi? system 

on the  l e f t  of Figure 21. A so lu t ion  of 2 percent NEOH c i r c u l s t e s  t h  ough the 

* Equivalent t o  1 4  percent NaOC1. 

** D u ~ l i c a t e s  provided t o  allow f o r  cleaning 2 f  accumulated hydrated S ~ J ~  
from SiC14 hydrolysis.  





SiC14 Scrubber, D3, where t k e 6 i q u i d  SiC14 wastes a r e  neutralized. SIC14 

vapors in  the  vent gases are fed t o  one of a p a i r  of interchangeable eductors, 

D6, through which the  2 percent IUaOH solu t ion  c i r cu la tes  a s  the  motive f lu id .  

The ne t  discharge from the  SiC14 scrubbing system ( 4 . 3  gpm) overflows t o  

the  sewer. No enviromnental problems should be caused by t h i s  amount of 

material ,  par t icular ly  s ince  i t  w i l l  t s  heavily d i lu ted  with cooling water - 
(e-g., 1011) from the  rest of the  fac' : ty.  

The heat of the  neu t ra1 iza t .o~  of the  SiC14 is diss ipa ted  i n  a water- 

cooled exchanger, D5 ( M a  Recycle CooLr). The capacity of t h i s  exchanger 

i s  c b ~ s e n  t o  provide f o r  the increased load during the  periodic chlorinat ion 

of s i l i c o n  from the reac tor  w a l l s .  

Fluidized-Bed Reactor 

Figure 22 shows the fluidized-bed reactor  in  g rea te r  d e t a i l  than i n  

Figure 20. SIC14 vapor enters  a t  the bottom, is preheated i n  the graphite- 

granule-packed annulus, and en te r s  the f lu id ized bed through outer  ports  i n  

the round-bottoa d i s t r ibu to r  plate.  Zinc vapor a t  j u s t  above its boil ing 

point (918 C a t  1.1 arm) enters  the  bed through a r ing  of inner por ts  i n  the 

d i s t r ibu to r  p la te .  

The fluidized-bed reactor  is constructed of silicon-carbide-coated 

graphite or s o l i d  s i l i c o n  carbide, encased i n  a No. 310 s t a i n l e s s  s t e e l  s h e l l  

provided with bellows t o  accommodate thermal expansion d i f fe ren t i a l s .  

Changes i n  the posi t ions of the  SiC14 i n l e t  and react ion product 

ou t l e t  r e l a t ive  t o  the fixed zinc vapor i n l e t  and the connecting equipment 

a r e  accommodated i n  the  assembly sequence and by means of appropriate s l i p  

jo in t s  i n  non-cri t ical  positions. 

The graphite  is rendered im~ervious  by approrriace coating t o  avoid 

deleterious exposure of the s t a i n l e s s  s t e e l  s h e l l  t o  zinc vapor. Tungsten 

coating of the s t a i n l e s s  s t e e l  is being studied as  addit ional  protection. 
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A s  discussed i n  an e a r l i e r  sec t ion of this report ,  one of the more 

d i f f i c u l t  aspects of the  f a c i l i t y  design has been the problem of supplying 

the  high heat of vaporization of zinc w h i l e  maintaining a l imited z inc  

vaporizer inventor-  t o  minimize hysteres is  in the  vaporizer output response. 

To dr ive  the  heat of vaporization through graphite o r  s i l i c o n  carbide requires 

bulky equipment, s teep temperature gradients, and excessive z inc  inventory. 

This problem has been solved by d i r e c t  induction coupling t o  the  z inc  i n  a 

quartz vessel. The z i v  ~ a p o r i z e r  design (without blowdown, Figure 23) 

is patterned after the  vaporizer tes ted  experimenrally. 

The vaporizer is packed with graphite chips t o  f a c i l i t a t e  heating 

before l iqu id  zinc is added and t o  reduce the  inventory of z inc  in the  vaporizer 

per un i t  e f fec t ive  volume. Carbon wool is contained i n  the  compartment formed 

by a wier placed 4 inches from the  exit end, t o  a c t  a s  a demister f o r  the  zinc 

vapor. Entrained droplets  of unvaporized zinc not only serve t o  carry over 

impurities, but they act as nucleation and growth sites f o r  s i l i c o n  needles 

and powders, which can escape deposition on the  seed p a r t i c l e s  of the f lu id ized 

bed. The zinc vapor l i n e  is lagged with heaters  u n t i l  w e l l  ins ide  the  

f luidized bed furnace, t o  prevent condensation of zinc. 

It is planned tha t  the zinc vaporization r a t e  be control led by power 

input, and although present plans c a l l  f o r  constant l eve l  control  based on 

e l e c t r i c a l  contact l eve l  sensing, it is possible tha t  the l iquid  zinc inven- 

tory i n  the vaporizer can be sensed by the current-voltage re la t ionship  i n  

the converter, and the l a t t e r  used f o r  control  with the  e l e c t r i c a l  contact 

retained a s  backup. 

~ i n c / Z i n c  Chloride Condenser 

As indicated i n  the general descript ion above, the reaction product 

consis ts  of ZnC12 vapor, unreacted zinc and SiC14 vapor, a small amount of 

entrained gas-phase-nucleated s i l i c o n  powder, and i n e r t  purge gas. The 

condenser, shown i n  two sectional  views a t  r igh t  angles i n  Figure 24 ,  provides 
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for  recirculating the condensed zinc chloride to  a c t  as a f lu id  for  wet-wall 

condensation. The r eac t im  by-products enter the condenser a t  the lower l e f t  

of the view on the l e f t  and are  directed up the left-hand open channel and 

down the right by vir tue of the sea l  made by the l iquid ZnC12 In a pool a t  

the bottom, a t  the level of the condensate out le t  and above the bottom of the 

wedge-shaped barrier. Liquid ZnC12, taken from below the surface of the pbol 

is cooled by circulation through the graphite block (see open channels on 

right-hand drawing). A t  the top of the block it overflows the barr iers  and 

wets the condenser surf aces. 

Therminol 88, an organic heat exchange medium, is used to  remove 

heat from the condenser t o  a separate Therminol heat-exchange system. Although 

a s  s h m  i n  Figure 24, the or iginal  plan was to  have the Therminol i n  direct  

contact with the graphite block, relying on impregnation of the graphite t o  

keep the Thexminol out of the process stream, the decision has been made t o  

use a metal shot heat-transfer layer between the graphite block and the metal 

wall and to  confine the Therminol to  €he outside of the w a l l .  Additional heat 

transfer by the same principle w i l l  be provided by a Therminol-cooled bayonet 

extending d o n  the center of the graphite block. 

Zinc condensation occurs between about 800 and 690 C and ZnCl2 con- 

densation from 690 to  565 c*. The gas leaving the condenser w i l l  be a t  about 

510 C and is directed t o  the ZnC12 strippers (shown i n  Figure 20) for  removal 

of the remainder of the ZnC12. 

Electrolytic Cell 

The ce l l s  for fused s a l t  electrolysis recovery of zinc from the 

by-product ZnC12 are patterned a f te r  those being developed a t  the U.S. Bureau 

of Mines, Reno, levada, (''1 for electrowinning zinc from sulfide ores. The 

present design is shown in  Figure 25. Depending upon the current efficiency 

attainable, s i x  5000- to  6000-amp ce l l s  w i l l  be required for the 50 MT/year 

* The difference i n  these values from those of Table 13 resul ts  from use of 
different data in their  calculation. The difference is not serious enough 
to force a choice. 
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Sf f a c i l i t y .  They are of "coldm-wall coostruction, graphite  l ined,  with 

graphite  electrodes. The cathode contacts  the  l i q u i d  zinc pool a t  the  bottom 

of the  c e l l  which is connected t o  the  current  supply v i a  a plug of frozen 

zinc extending through the  c e l l  w a l l  (Shown a t  the  bottom, but probably t o  be 

through the  s ide) .  A cell voltage of 4 t o  5 v o l t s  is ant ic ipa ted  at a current  

density of 10 t o  12 a n p ~ / i n . ~ ;  Excess heat  is removed through a heat 

exchanger (not shown) i n  the  hollow anode. By means of e l e c t r i c  contact 

l e v e l  probes (of tungsten o r  graphite) ,  not shown i n  the  f igure ,  upper and 

lower ZnC12 l e v e l  limits a r e  set t o  control  the  addi t ion  of ZnCl2 t o  the  

ce l l .  The zinc overflows a u t m t i c a l l y  on balancing the  hydros ta t ic  head of 

the  ZnC12 approximately at the  ZnC12 lower l eve l  l i m i t .  Blockage of the  zinc 

o u t l e t  and resul t ing  excess accumulation of zinc i n  the c e l l  would be 

indicated by a shorted cell a s  the  zinc l e v e l  reaches the  anode. 

The e n t i r e  electrode assembly is removable through the  c e l l  roof 

t o  provide fo r  ease of cell maintaince. 

Plant  Layout 

Figure 26 shows the  plan view of the f a c i l i t y ,  a s  designed t o  f i t  

i n t o  an available building area  a t  BCL. A s  the zinc and zinc chloride flow 

is by gravity*, the  ZnlZnC12 condenser, e l ec t ro lys i s  feed tank, e l e c t r o l y t i c  

c e l l s ,  z inc storage tank, zinc level  tank, and zinc vaporizer a r e  on d i f fe ren t  

levels .  Accordingly, some of the associated u n i t s  a r e  not shown i n  the plan 

view of Figure 26 a t  the e l e c t r o l y t i c  c e l l  level .  

The layout i s  designed t o  permit ready access f o r  SiC14 and NaOH 

delivery and f o r  hypochlorite removal, and t o  minimize the length of connecting 

l i n e s  carrying zinc and zinc chloride. 

* Except f o r  pumped recycle of l iqu id  ZnC12 i n  the wet-wall Zn/ZnC12 
c~ndense r .  
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Cost of Experimental Facility 

It should be re-emphasized that many of the details and most of 

the specifications in the design package have. been omitted in the above 

discussion which has been presented primarily for orientation. However, on 

the basis of a detailed summation of the vendor-estimated costs for equipment 

costs of the Lstrment package, and construction costs based on standard 

conptructim cost-estimating techniques, RKAII arrived at an initial cost 

estimate of $1,536,000, of which $266,500 for the SiC14 purification system 

was estimated independently by ?ace. The overall cost estimate arrived at 

by RKAII includ ~ ' ~ 1  procurement, installation, management, and tax costs 

for constructii-2 :his facility in an existing building by a company building 

the facility for its own use. A contingency item of $191,139 was included. 

Because of differences in overhead, fee structure, and labor rates, 

the cost of building the facility at BCL would be higher; however, removal 

of the contingency item, credit of certain economies agreed upon by BCL and 

RKAII, and adjustment for the differences mentioned above led to a figure 

of $1.5 million*, which was presented to JPL for budgetary purposes. 

This estimate is based en purchasing equipment from outside vendors, sub- 

contracting a significant portion of the construction and installation to 

an outside contractor, BCL's involvement in construction and installation 

of nonconventional equipment, and overall management of the program by BCL 

personnel. 

* This facility construction cost, revised later to %$1.6 million, does not 
include the cost of a concvrrent design finalization and experimental 
support program. 



E. ECONOMIC ANALYSIS OF SILICON PRODUCTION 
AT THE 1000 MT/M L E v n  

One of tile ob jec t ives  of t he  design of the  50 MT/year EPF was 

to  provide a f i rmer  bas i s  on which t o  es t imate  production cos t s  a t  the 

1000 MT/year l e v e l ,  which should be more r e l i a b l e  than those given i n  the  

Second Quarterly Report. For t h a t  purpose, t he  c o s t s  of ind iv idua l  i tems 

of c a p i t a l  equipment i n  t he  50 MT/year design were scaled t o  an appropr ia te  

l a r g e r  s i z e  by the  r e l a t i o n  

r e l a t i v e  c o s t  = ( r e l a t i v e  capaci ty)  0*6 s 

and then mul t ip l ied  by the  number of u n i t s  required t o  meet the  1000 MT/ 

year  capacity.  

A t  t he  same time, the  manpower, mater ia l s ,  and u t i l i t i e s  c o s t s  

were revised on the bas i s  of the  50 MT/year design and experience gained 

s ince  the e a r l i e r  cos t  es t imates  were made. 

Table 24 lists the  items of equipment f o r  the  50 MT/year EPF on 

which the  est imates  f o r  the  1000 MTIyear p l an t  a r e  based. 

Three cases  a r e  defined a s  follows: 

Case I 

(1) S ix  p a r a l l e l  feed preparat ion and deposi t ion 

systems (17-inch-diameter fluidized-bed 

reac tors )  

(2) Twelve 60,000-amp e l e c t r o l y t i c  c e l l s  f o r  

z inc recyc le  

(3)  One common waste d isposa l  system 

( 4 )  One common chlor ine  supply system ( fo r  

ch lor ina t ion  of wal l  depos i t )  

Case I1 

(1) Two p a r a l l e l  feed preparat ion and depos i t icn  

systems (29-inch-diameter fluidized-bed 

reac tors )  

(2)  Twelve 60,000-amp e l e c t r o l y t i c  c e l l s  f o r  

z inc  recycle ,  with an option of two 

360,000-amp c e l l s  
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(3) One c o ~ o  waste disposal  system 

(41 One connuan chlorine supply system 

Case 111 

(1) One feed preparation and deposition 

system (41-inch-diameter f luidized-bed 

reactor)  

(2) One 720,000-amp e l e c t r o l y t i c  c e l l  for 

zinc recycle, with an option of s i x  

120,000-amp cells 

(3) One common waste disposal  system 

i4) One common chlorine supply system. 

Lxcept f o r  the use of fewer (12 versus 30) l a rge r  e l e c t r o l y t i c  

c e l l s ,  Case I is essen t i a l ly  tha t  adopted f o r  the  o r ig ina l  cos t  estimate. 

Case I1 r e f l e c t s  the savings tha t  accrue from going t o  fewer (NO versus 

s ix )  i . d  la rger  (29-ir !-, ve-sus 17-inch) fluidized-bed reactors  and zsso- 

ciated equipment. 

Case 111 t., - ,..:-:.t;s the miainum-cost option, which would use z 

single 41-inch-dW.. .: -1uidized bed and one 720,000-amp e l e c t r o l y t i c  c e l l .  

Fluidized beds of tt.-- s ize  a r e  operated in the petrochemical industry and 

preliminary ca lcu la t .  *.:: have shown tha t  ex t rac t i an  of the  e m t h e m l c  heat  

of react ion does not co!..stitute a s i z e  limitarrion, ev - .  n t  60-in.: a .eter. 

Bipolar e l e c t r o l y t i c  c z ? l s  of up t o  lo6 equivaleat am: .ce under c -,:uc- 

t ion f o r  the  e l e c t r o l y t i c  recovery of a; ,&nun. Thus, although Case I11 is 

a large extrapolation from the technology anticipated far w e  a t  t* . ;0 riT/ 

year level ,  it  appears t o  be al t imately accessible.  

Since some optimuai m u l t i p l F c i t y  of un i t s  w i l l  be required t o  main- 

t a in  a stsady operation, more than a s ingle  un i t  should be operated a t  a 

given s i t e ,  even a t  the 1000 NT/year'unit level .  Case I11 ~ o u l d  envision 

cperating three 1000 MT/year un i t s  a t  one s i t e  to  f u l f i l l  the 3000 ?IT/year 

goal of the LSA Praject .  

It s tc~uld  be noted tha t  although the purchase of Sic14  is planned 

a t  the 50 MT/year level ,  the Sic14 w i l l  be generated a t  the 1.300 YTlyezr 

ievel  by rea-t ion of metallurgical-grade s i l i c o n  with chlorine from the 



e l e c t r o l y t i c  c e l l s .  Bowever, t he  c a p i t a l ,  l abor ,  ma te r i a l s ,  and manpower 

requirements of t h a t  opera t ion  have not  been ca l cu l a t ed  i n  d e t a i l .  Instead,  

a l l  of these  c o s t s  are included i n  a ma te r i a l s  c o s t  f o r  SiC14, ca l cu l a t ed  a t  

lowest market p r i c e  plus  20 percent  c r e d i t  f o r  on-si te  manufacture i n s t ead  

of purchase. The r e s u l t i n g  SiCIG material c o s t  of $1.69 per  kg of  s i l i c o n  

product is assumed t o  be  cons tan t  f o r  the t h r ee  cases.  This  is equiva len t  

t o  the  assumption t h a t  t he  s ize of the  SiCIG prepara t ion  u n i t ( s )  does no t  

change from Case I t o  Case 111, a conservat ive pos i t ion .  

Since t he  raw material is fac tored  i n  as S i c k ,  r a t h e r  than as 

metallurgical-grade s i l i c o n  and ch lor ine ,  a $0.37/kg S i  c r e d i t  is given f o r  

the  by-product chlor ine.  

Table 25 gives  the  equipment c o s t s ,  sca led  as ind ica ted  above, f o r  

Cases I, 11, and 111 f o r  each of the  s ir  s e c t i o n s  of  t he  p lan t .  

Table 26 g ives  the  manpower breakdown and c o s t s  f o r  the  t h r ee  cases.  

The mater ia l s  requirements given i n  Table 27  a r e  e s s e n t i a l l y  t h e  

same f o r  the  th ree  1000 MT/year cases  a s  those f o r  the  50 MT/year f a c i l i t y  

except f o r  the  n i t rogen  blanket  gas whose requirement was sca led  up from 

the  50 MT/year l e v e l  by ( r e l a t i v e  use) = ( r e l a t i v e  s i ze loa5 .  For s impl i f i -  

ca t ion ,  the  u t i l i t y  c o s t s  given i n  Table 28  a r e  assumed t o  be conmon to  t he  

th ree  cases ,  a conservat ive pos i t ion .  Process energy requirements f o r  

I ~ e r c s  1 tnrough 7 and p a r t  of 8 a r e  assumed t o  be constant  with s ca l e ;  how- 

ever ,  a s  heat  l o s se s  per u n i t  volume decrease with increas ing  s i z e ,  the 

o v e r a l l  kw per kg of s i l i c o n  a l s o  decreases.  The hea t  l o s s e s  from process 

units and from l i n e  t r ac ing  (Items 9 and 10) were sca led  on the  b a s i s  of 

a r ea  cl volume 2/3, i. e., 
?/  3 ( r e l a t i v e  loss) = ( r e l a t i v e  s ize) '  

Although i t  w i l l  no t  1- . -=tessary i n  the 1000 NT/year f a c i l i t y  t o  

convert  the  ch lo r ine  from the ele.-.;:olytic c e l l s  t o  NaOCl ,  a vent and a r ea  

gas scrubber of the same s i z e  a s  used i n  t he  50 MTlyear f a c i l i t y  f o r  the 

scrubbing and waste d i sposa l  fucc t ions  w i l i  be required f o r  the 1000 ?TI'/ 

year f a c i l i t y .  Hence, the  energy reqitirement f o r  the 50 hp blower was 

d i s t r i b u t e d  over the 144 kg/hour s i l i c o n  output  of the 1000 YT/year f a c i l i t y .  
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TABLE 26. MUPOWER BiWSDWN AlJD COSTS(~~~) 

PQahours per b y  
Case I W e  I1 Case I11 

Seaii- S d -  semi- 
Operat ion Skilled Skilled Skilled Skilled Skilled Skilled 

Feed Preparation 

Vaporization 

Deposition 

Condensat ion 

Electrolysis 

Waste Treatment 

Product Eandling 

Raw Material Handling 

Dollars per day 

Dollars per year 

(a) Labor hourslprocess based on Peters and ~imrhaw(') number of operator 
hourslmajor process step. 

(b) Labor rate based on Peters and Tinnuerhau~(~) adjusted to 1975 dollars: 

Skilled - $6.60/hour 
Semi-skilled - S4.60/hour 



TABLE 27, HATERIALS COST (1975 DOLLARS) 

Requirement per Unit Cost, Cost/kg Si, 
Haterial ke si dollars dollars 

Caustic 
(SOX aq. k O E )  

k g -  

Nitrogen 

Chlorine 

3.1 scf 9.016 

7.6 scf 0.003 

2.04 lb 0.067 

(a) Credit for on-site ceanufacture. 



TABLE 28. UTILITIES COST (1975 DOLLARS) 

1tea(a) Requirement /kg S i  

Zinc Elect ro lys is  

Z h c  Vaporization 

Zinc Helting 

SiC14 Vaporization 

SiC14 Preheat* 

Fluidized-Bed Reduction 
Reaction 

SiC14 Pur i f ica t ion 

Pumps, B l o w e r s  

Heat Losses from Process 
Units 

Line Tracing 

Ins trulaentation 

Subtotal E lec t r i ca l  

Codling Water 

Process Water 

21.56 kwh (b) 

4.24 kwh 

0.02 kwh 

0.00 m ( c )  

1-45 kwh 

0.00 kvh(d) 

1.94 kwh 

1-24 kvh 

0.21 kwh 

36.46 &h @ $0.03 = $1.094 

180.0 gal  @ $0.04/1000 = $0.007 

2.6 gal  @ $1.00/1000 = $0.003 

TOTAL UTILITIES 

(a) Primarily endothermic process heat i n  Items 1 through 8, except for  
Item 1 which includes r e s i s t i v e  heat loss;  heat losses from process 
units, insulated t o  OSEA standards, a r e  included i n  Item 9. 

(b) A t  2 kwhllb Za. 

( c )  0.63 kwh supplied by heat exchange witn Zn/ZnC12 condenser. 

(d) Exothermic reaction. 

(el Additional 3.8 kwh supplied by heat exchange with Zn/ZnCIZ condenser. 



It was asscmed t h a t  the  instrumentation power c o s t s  f o r  one of 

t he  s i x  s ec t ions  of t he  1000 EITIyear f a c i l i t y  i n  Case I would equal  t h a t  

f o r  t h e  SO llT/year f a c i l i t y  and t h a t  t h i s  c o s t  would remain the same f o r  

Cases 11 and 111, again  a conservat ive posi t ion.  

Table 29 g ives  t h e  f ixed  c a p i t a l  investment c o s t s  f o r  Cases I, 

I f ,  and I11 based on Table 25. 

Table 30, i n  t he  Lamar Universi ty  format(18), g ives  t he  t o t a l  product 

c o s t  on the  b a s i s  of Tables 26, 27, 28, and 29. It can be seen from the  d a t a  of 

Table 30 t h a t  f o r  a l l  of t he  cases analyzed, t he  c o s t  of s i l i c o n  produced by 

the  fluidized-bed z inc  reduct ion of Sic14 f a l l s  near t he  $lO/kg s i l i c o n  LSA 

goal, with Cases I1 and 111 beat ing  the  goal  by $1.29 and $2.65, respec t ive ly .  

Case I1 is a reasonable expectat ion f o r  1985 and Case 111 is a l o g i c a l  long- 

range goal. 

The opt ions  on e l e c t r o l y t i c  c e l l  s i z e  described previously f o r  

Cases I1 and I11 as indicated i n  Table 30 r e f l e c t  a decrease of S0.38Ikg of 

s i l i c o n  and an  increase  of $0.26/kg of s i l i c o n  i n  product c o s t ,  respec t ive ly .  

The opt ions a r e  presented because the  trade-offs wi th  c e l l  s i z e  a r e  not  y e t  

c l e a r l y  understcod and, consequently, d a t a  of t h i s  type a r e  required t o  give 

i n s i g h t  i n t o  the e f f e c t  of c e l l  s i z e  on product cos t .  

Energy Payback 

The process energy requirements (exclusive of pumping of u t i l i t y  

water and o ther  minor items) from Table 28 t o t a l  36.46 kwh/kg s i l i c o n .  To 

t h i s  must be added the energy requirement of the metallurgical-grade s i l i c o n  

used, t h a t  of the  make-up ch lor ine ,  wke-up zinc,  and tha t  of the  NaOH used 

t o  neu t r a l i ze  t he  ch lor ide  and ch lor ine  wastes. Table 31 g ives  the  energy 

requirements per kg of s i l i con .  A t  12,000 MT s i l i c o n  per peak megawatt 

(60,000 MTIaverage aw, 0.0167 kwlkg), the power generat ion c r e d i t  is 12.10 kwh/ 

month, whence the  payback time is 5 . 9  months. The power generat ion r a t e  is 

the  equivalent  of about 50 percent ~ i . l l c o n  ma te r i a l  l o s s  i n  the f ab r i ca t ion  

of 0.0254-cm-thick c e l l s  generat ing 0.1 h / m 2  over 1825 hours/year.  





TABLE 30. PRODUCT COST ($/kg SILICON) 

Cca t Item Case I Case I1 Case I11 

Direct Manufacturing Cost 
(Direct Charges) 

1. Raw Materials - from design 
2. Direct Operating Labor - 

from design 
3. U t i l i t i e s  - from design 
4. Supervision and Cler ica l ,  

15 percent of 1.2 
5. Maintenance and Repairs, 

10 percent of f ixed c a p i t a l  
(50 percent labor, 50 per- 
cent  materials)  

6. Operation Supplies, 20 per- 
cent  of 1.5 

7. Laboratory Charge, 15 per- 
cent  of 1.2 

8. Patents  and Royalties,  
3 percent of product 
cos t  

2. Indi rec t  Manufacturing Cost 
(Fixed Charges) 

1. Depreciation, 10 percent of 
fixed c a p i t a l  

$1.55 $1.07 $0.76 

2. Local Taxes, 2 percent of 0.31 0.22 
f ixed c a p i t a l  0.15 

3. Insurance, 1 percent of 
fixed c a p i t a l  

0.16 0.11 0.08 

4. ~ n t e r e s t ;  8 percent of 
fixed c a p i t a l  

Plant Overhead, 60 Percent of 
Labor i n  1.2 + 1.4 + 1.5 

4. By-Product Credit - From Design -$0. 37 (b) -$om 37 (b) -$0.37 (b) 

4A. Total Manufacturing Cost, 
1 + 2 + 3 + 4  



TABLE 30. (Continued) 

Cost Item Case I Case I1 Case I11 

5 .  General Expeoses 

1. Administration, 6 percent 
of manufacturing c o s t  $0.59 $0.45 $0.38 

2. D i s t r i bu t ion  and Sales.  
6 percent of manufacturing 0.59 0.45 0.38 
cost 

3. Research and Development, 
3 percent of manufacturing n.29 0.23 0.19 
cos t  - 

6. Tota l  Cost of Product, 4A + 5 $11.21 $8.71 $7.35 - - - 
($8.33) ( c )  ($7.61) 

(a) Includes a l l  cos t  (operat ing and c a p i t a l  investment) for the  manu- 
f a c t u r e  of SiCI.4 used. 

(b) Credi t  f o r  by-product chlor ine;  s e e  t ex t .  

( c )  Based on t t e  use of two 360,000-amp c e l l s  instead of twelve 60,000- 
amp c e l l s .  

(d) Based on r;i. 2 u s e  of s i x  120,000-amp c e l l s  instead of one 720,000-amp 
c e l l .  



TABLE 31. -Y REQUIREMEN%, kwh/kg Si 

Item 

- -- - 

Basis 

& e r e  
Requirement, 

kwh/kg S i  

Process Table 28 36.46 

Make-up C12 2.04 lb /kg  S i  @ 1.54 k ~ h / l b ( ~ )  -- (b 1 

2.4 lb lkg  S i  @ 1.37 ~ / l b ( ~ ) :  
97 percent u t i l i z a t i o n  

3.29 

Make-up z inc  0.54 lb/kg S i  @ 2 kwh/ lb (~ )  1.08 

Metallurgical-grade S i  1.27 kg/kg S i  @ 23.97 
95 percent u t i l i z a t i o n  

30.44 - 
71.27 

(a) Reference (22). 

(b) Co-product of NaOH productLon. 

( c )  Conservative est imate of 2 kwhllb Zn adopted on b a s i s  of 1.6 kwh/lb 
projected by U. S. Bureau of Mines, Reno. ~ e v a d a ( ~ ~ ) .  

(d) Reference (39). 

The d i f f e r ence  between the  5.9 months ca lcu la ted  above and the  

2 months ca lcu la ted  e a r l i e r  is the  r e s u l t  of a more r e a l i s t i c  est imate of 

the  power e f f i c i ency  of the  ZnC12 e l e c t r o l y s i s  s t ep ,  of including the  energy 

requirements of the  wke-up zinc and the caus t i c  used t o  n e u t r a l i z e  t he  

waste SiCl,, an4 C12  which had not been included e a r l i e r ,  making a more 

de t a i l ed  examination of power lo s ses  from the  LOO0 MT/year p lan t ,  and 

adopting a more r e a l i s t i c  value f o r  the  l o s s  of ma te r i a l  i n  manufacture 

of t he  c e l l  f - . ~ m  the  po lyc rys t a l l i ne  product. Althougl: not a s  op t imi s t i c  

as the 2 moriths estimated e a r l i e r ,  the  5.9-month energy payback time is 

presumed to  b e  an acceptable  v a l e .  



F . CONCLUSION 

In view of the favorable indications of technical feasibi l i ty ,  

ec:!nomic feasibi l i ty ,  and reasonable energy payback time of the process, 

it is recommended that the construction and operation of the 50 MT/year 

experimental fac i l i t y  be initiated. 
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