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Abstract

A mathematical model was developed to complement an experimental investigation on the kinetics of chlorination of a fixed bed of
—4 to +14 mesh silicon particles. By comparing the experimental data with the results obtained from the model a good agreement was
found. The model evaluated the mass transfer coefficlghitapd the rate constank:] as a function of temperature, bed porosity, and
bed height. It was observed that the difference betwgeandk; was higher for the lower temperature range characterizing the greater
sensitivity ofk; at more elevated temperatures. It was also evidenced that bed compacting exercised greater influence than bed height c
mass transfer. Therefore, the effect of compacting on the behavior of the chlorination system was more significant due to the increase
role of the diffusion component on the mechanism of mass transport.
© 2003 Published by Elsevier Science B.V.
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1. Introduction rine gas and HCI stands out, since the product obtained has
characteristics that permit more efficient removal of metal-
Metal chlorides are raw materials of fundamental eco- lic impurities [4-7]. However, most of these works are re-
nomic and strategic importance for electronics, telecommu- lated to a practical analysis of the experimental data without
nications, metallurgical industries, and in areas related to a more detailed conceptual discussion and its mathematical
advanced ceramics, chemicals and automobiles. Among theinterpretation.
metallic chlorides, silicon tetrachloride (Si}lis promi- Therefore, the main purpose of this work is to provide a
nent as an intermediate material for obtaining high purity relevant contribution in terms of a mathematical model de-
compounds such as silicon nitrite ¢8iy), silicon dioxide veloped to encompass the chemical and physical aspects of
(Si0y), and electronic as well as solar grade metallic silicon the chlorination of silicon particles with chlorine gas. In this

(Si-GE/GS)[1-3]. sense, the model equations allow a comparison between the
These compounds find innumerable applications in the rate constant and the mass transfer coefficient under different
fabrication of: conditions of temperature, bed porosity and bed height. A

. . . . prediction of the silicon conversion along the reaction time
1. Cutting tools, internal combustion engine components,

. ) . . ' is also obtained and compared with the experimental results.
high velocity roller bearings, mechanical seals, etc., in

the area of advanced ceramics;

2. Optical fibers in the telecommunications industry;

3. Photovoltaic cells for generation of electricity;

4. Integrated circuits, transistors, thyristors, detectors, and
rectifiers in the electrical-electronic industries.

2. Experimental method

Metallurgical grade silicon with particle size betweed
and+14 Tyler mesh, supplied by the Institute for Technolog-

Amid the various routes that have been used to obtain ical Research, Sdo Paulo, Brazil, was used in the chlorination
silicon tetrachloride, the chlorination of silicon with chlo- runs. Its chemical composition is shownTable 1 Its den-

sity as determined by helium picnometry was 2.29 glcm
* Corresponding author. Tel+55-11-3816-9364: This value was found to be quite close Fo thg theoreticgl one

fax: +55-11-3816-9370. (2.324-0.02 g/cn¥) [8]. The average particle size as obtained
E-mail addresseesmiyseo@net.ipen.br (E.S.M. Seo). by sieve analysis was 2.1 mf8)].
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Table 1

Chemical composition of metallurgical grade silicor4(to +14 Tyler
mesh)

Element Quantity (ppm)
Mg 200

Al 275

P 50

Ti 1880

Mn 94

Fe 1892

Co 10

Ni 10

Cu <10

B 120

Ca 700

Ag 15

C 80

S 6

Cr 5

Sc 0.2

The experimental procedure consisted of initially weigh-
ing the metallurgical grade silicon (Si-GM:4 to +14 Tyler
mesh) to obtain a specific bed height. The Si-GM speci-
men was introduced into the reactor together with an in-

Table 2

Experimental conditions

Parameters Conditions

Temperature°C) 500, 550, 600, 650, 700

Bed porosity 0.2914, 0.2709, 0.2100, 0.2118
Bed height (mm) 5, 10

specimen and to purge the chlorination line for 10-15 min.
Finally, the bed was removed from the furnace, stored in a
dessicator for cooling, weighed and quantitatively analyzed.

Table 2 presents the experimental conditions that were
used. The results have been interpreted in terms of the frac-
tion of converted siliconx), as a function of time, accord-
ing to Eq. (2.1) and compared with the silicon conversion
curves, obtained from the mathematical model

mg; — ms;i

X=——F— (2.1)
mgi

Wherem%i is the initial mass of silicon (g) andhs; the in-
stantaneous mass of silicon (g). The experimental setup used
in the chlorination runs is shown schematicallyFig. 1

ert gas (argon). Upon reaching the run temperature, argon3. Mathematical model

was replaced by chlorine gas, with a predetermined flow
rate (1.801/min), pressure (1atm) and for a fixed length of

The mathematical model that describes the progress of

time (5—-30 min). At the end of the run, the flow of chlorine the reaction between chlorine gas and silicon is based on the
was stopped, and argon was once again injected to cool thekinetic equations for ‘one’ and\' particles.

Needle
valve

Flow meter

Dehumidifier

Cont. Valve
—® Manometer

Yoke
valve

Cylinder of
Cylinder chlorine

of Argon

Mixer

Chlorination
reactor

quartz

1

Ice and salt

Exaustor

A

).

H,0 A7
r -
r
Gas scrubbers
H,O H,O
Rl = —H | Condensors

Collecting tank

Stainless steel container

Fig. 1. Schematic representation of the experimental setup.
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To express the kinetics of the reaction between chlorine  Under the above assumptions, the total rate conskant,
and one silicon particle, the following assumptions were (cm/s), is given by the expression:
made:
1

e — =
(1/kg) + (1/kr)

Similarly, the molar balance for the solid reactant can be

(@) The chlorination reaction, €(g) + (1/2)Si(s) — 3-2)

(1/2)SiCls (g), is irreversible and first-order with re-
spect to chlorine;

(b) The gases are ideal,

(c) The kinetics of the chlorination reaction is described by
the unreacted core modgl0—13]for particles decreas-

ing in size with time and no ash layer formation;
(d) The silicon particle is considered to be spherical.

According to the unreacted core model, when a dense
solid reacts with a gas, there is a sharp reaction and the two dnsi
phenomena that control the rate, mass transfer and chemical dr ~—

expressed by the equation

_ Onsi
dr

= —4nosir @

osiVsi = osi(4/3)7r3 (mol). Hence

reaction, occur in series. The equation that describes these _ i
With k expressed b¥q. (3.2)and after some manipulation,

1
2

(

B dnci,
dr

1

= —47rr2ké‘(:|2

2

(3.3)

where os; is the molar density of Si (mol/ct), ns; =

two steps is
d 4 _ d 1 1 Ca
—ee - o, @L =3 ( : (34)
dr (1/kg) + (1/kr) dt 2\ (1/kg) + 1/kr) /) osi
wherer is the particle radius (cm)ci, the average chlo-  Sincekg is a function off,
rine concentration in the gas stream (molii<)nkg the mass rdr ro—r 1O
transfer coefficient of chlorine (cm/s) arg the rate con-  — [ — 4+ ° — Z=Chy (3.5)
stant,k; = ko e £a/RT (cm/s). ro kg ke 2 osi
Table 3 Table 4

Values of rate constantk(), average mass transfer coefficiemt 4e),

mass transfer resistance (RDF), chemical reaction resistance (RRQ) andmass transfer resistance (RDF), chemical reaction resistance (RRQ) and

RRQ/RDF ratio for non-compacted béds

Values of rate constant ), average mass transfer coefficiemt ),

RRQ/RDF ratio for non-compacted béds

Temperature Initial mass Initial fit Final fit Temperature Initial mass Initial fit Final fit

(°C) (9) (°C) (9)

500 12.37 kr = 0.34cm/s krave = 0.34cm/s 500 24.48 kr = 0.35cm/s krave = 0.34cm/s
kgave=2.21cm/s  kgave= 2.20cm/s kgave=1.52cm/s  kgave= 1.52cm/s
RDF = 0.45s/cm RDF= 0.45s/cm RDF = 0.66 s/cm RDF= 0.66 s/cm
RRQ=2.96s/cm RRQ= 2.93s/cm RRQ=2.90s/cm RRQ= 2.93s/cm
RRQ/RDF=6.53 RRQRDF=6.45 RRQ/RDF=4.40 RRQRDF=445

550 12.59 kr = 0.38cm/s krave = 0.37cm/s 550 24.50 kr = 0.37cm/s krave = 0.37cm/s
kgave=2.34cm/s  kgave= 2.35Ccm/s kgave= 1.62cm/s  kgave= 1.62cCcm/s
RDF = 0.43s/cm RDF= 0.43s/cm RDF = 0.62s/cm RDF= 0.62 s/cm
RRQ=2.63s/cm RRQ= 2.68s/cm RRQ= 2.74s/cm RRQ= 2.68s/cm
RRQ/RDF=6.15 RRQRDF = 6.30 RRQ/RDF =445 RRQRDF=4.35

600 12.46 kr = 0.43cm/s krave = 0.41cm/s 600 24.45 kr = 0.39cm/s krave = 0.41cm/s
kgave= 2.47cm/s  kgave= 2.48cm/s kgave=1.73cm/s  kgave= 1.72Ccm/s
RDF = 0.41s/cm RDF= 0.40s/cm RDF = 0.58 s/cm RDF= 0.58 s/cm
RRQ= 2.35s/cm RRQ= 2.46 s/cm RRQ= 2.57s/cm RRQ= 2.46 s/cm
RRQ/RDF =580 RRQRDF=6.10 RRQ/RDF =444 RRQRDF = 4.22

650 12.67 kr = 0.53cm/s krave = 0.52cm/s 650 24.32 kr = 0.50cm/s krave = 0.52cm/s
kgave= 2.54cm/s  kgave= 2.55cm/s kgave=1.79cm/s  kgave= 1.78cm/s
RDF = 0.39s/cm RDF= 0.39s/cm RDF = 0.56 s/cm RDF= 0.56 s/cm
RRQ= 1.87s/cm RRQ= 1.94 s/cm RRQ=2.02s/cm RRQ= 1.94 s/cm
RRQ/RDF=4.75 RRQRDF=4.96 RRQ/RDF=3.60 RRQRDF=345

700 12.61 kr =0.72cm/s krave = 0.75cm/s 700 24.61 kr =0.79cm/s krave = 0.75cm/s

kgave= 2.54cm/s
RDF = 0.39s/cm
RRQ= 1.40s/cm
RRQ/RDF = 3.55

kgave= 2.50cm/s
RDF= 0.40s/cm
RRQ= 1.33s/cm
RRQ'RDF = 3.33

kgave= 1.75cm/s
RDF = 0.57 s/cm
RRQ= 1.27s/cm
RRQ/RDF = 2.22

kgave= 1.77cm/s
RDF= 0.56 s/cm
RRQ= 1.33s/cm
RRQRDF = 2.35

a@Conditions: Q9 = 1.80l/min, P = latm, L = 5mm, d, = 0.21cm

and s = 30 min.

a@Conditions: 0 = 1.80l/min, P = 1atm, L = 10mm, d, = 0.21cm

and¢ = 30 min.
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Using the correlation proposed by Kato et §l4], for

gas—solid mass transfer in fixed beds operated at low

Reynolds numbers,

0.95
d 0.6
=0.728<:1/3|:Re<zp> }

4.\ 06
forR = Re(f) where01 < R < 5.0

kgdp

Cly

whereReis the Reynolds numbeRe = udypci,/1cl,; SC
the Schmidt numberSc = pci,/pci, Dcl,; U the chlorine
velocity (cm/s),d, the average particle diameter (cry,
the chlorine density (g/ch); wcl, the chlorine viscosity
(9/s cm); Dy, the chlorine diffusivity (cr/s) andL the bed
height (cm).

Defining the parameter

0.95
0.72D¢1,SE73 | 2upcy, (2>°~6
o= -
2 ucl, \L
thenkg = ar052,
Table 5

Values of average mass transfer coefficiégtye), mass transfer resistance
(RDF), chemical reaction resistance (RRQ) and RRQ/RDF ratios for
compacted beds

Bed height (mm) Bed porosity Initial mass (g)

(@) T =550°C, Q = 1.801/min, P = 1atm, kyave = 0.37 cm/s,
dp=0.21cm,t = 25min
5 0.21 13.72 kgave= 0.10cm/s

RDF = 10.20s/cm

RRQ= 2.69s/cm

RRQ/RDF = 0.26

10 0.15 29.54 kgave= 0.11cm/s
RDF = 9.52s/cm
RRQ= 2.69s/cm

RRQ/RDF = 0.28

10 0.21 27.52 kgave= 0.14cm/s
RDF = 7.71s/lcm
RRQ= 2.68s/cm

RRQ/RDF = 0.35

(b) T =700°C, Q = 1.80I/min, P = 1atm, k; ayve = 0.75 cml/s,
dp =0.21cm,t =20 and 25min
5(t =25 0.21 13.7122 kgave= 0.11cm/s
RDF = 8.85s/cm
RRQ= 1.33s/cm

RRQ/RDF = 0.15

10 (r = 20) 0.15 29.66 kgave= 0.18 cm/s
RDF = 5.71s/cm
RRQ= 1.33s/cm

RRQ/RDF = 0.23

10 (r = 20) 0.21 27.52 kgave= 0.19cm/s
RDF = 5.21s/cm
RRQ= 1.33s/cm

RRQ/RDF = 0.26

373
The first term ofEq. (3.5)is defined as:
rdr B /«r dr B r8.48 _ r0.48
ro kg B ro 1052 Bl B
where = 0.48x.
Substituting inEq. (3.5)results in
0.48 ) -
60— oor_ 1Ca, (3.6)
B ky 2 os;

Eq. (3.6)describes the progress of the reaction of one sili-
con particle with chlorine. In a particle bed, the concentra-
tion of the reactant gas around a particle is affected by the
presence (reaction) of other particles, which generally varies
with bed height and with time. Consequently, as shown in
Eq. (3.6) it is necessary to determine the average chlorine
gas concentration in the bed.

Therefore, another differential equation, which describes
the variation of gas concentration with bed height and with
time, has been used. Thigjy. (3.7)expresses the mass con-
servation principle for a bed consisting Nfsilicon parti-
cles and is given by the mass balance for chlorine gas in a
control volume (CV) inside the bed

—ALu (%-C) — 47r’NKC = Al (%) (3.7)

Z

where —ALU(dC/dz) is the (entrance—exit) rate of chlo-
rine in CV by convection (mol/s):-47r2NkCthe consump-
tion rate of chlorine in CV by chemical reaction (mol/s);
ALe(3C/dr) the accumulation rate of chlorine in CV (mol/s);
Athe cross-sectional area of the bed . = 7D?/4 and
Au = Qcl,; Qc, the chlorine flow rate (cAis); Ccl, = C
the chlorine concentration (mol/é) z the position with re-
spect to bed height (cmN the number of particles in the
bed;rg the initial radius of silicon particle (cm) the bed
porosity; L the bed height (cm); the reaction time, (s) and
psi the silicon densitypsi = msi/ Vs (g/cn®).

Eqg. (3.7)is based on the following assumptions:

1. Only the axial direction of the bed, is considered for
convective transport of chlorine;

2. The bedis considered isothermic and at atmospheric pres-
sure;

3. The particles do not move in the bed,;

4. The reactant gas at the entrance of the bed consists of
pure chlorine;

Table 6

Total rate constants obtained experimentally and from the model

Temperature L =5mm L =10mm

°C

( ) kexp Kmod kexp Kmod
(g/min) (g/min) (g/min) (g/min)

500 0.46 0.46 0.67 0.69

550 0.50 0.48 0.74 0.71

600 0.49 0.49 0.75 0.73

650 0.58 0.55 0.82 0.78

700 0.65 0.63 1.31 0.94
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Fig. 2. Comparison of silicon conversion profiles for non-compacted beds obtained experimentally (points) and from the model (lines).
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Fig. 3. Comparison of silicon conversion profiles for compacted beds obtained experimentally (points) and from the model (lines).
Table 7
Total rate constants obtained experimentally and from the model
Temperature°C) L =5mm L =10mm
e=021 =021 e=0.15 e=0.21 e=0.15
Kexp (g/min) kmod (9/min) Kexp (g/min) Kexp (g/min) kmod (9/min) kmod (9/min)
550 0.14 0.14 0.44 0.30 0.35 0.30
700 0.18 0.16 0.83 0.47 0.74 0.42
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5. The bed is shallow, therel®ydoes not vary witte and Integrating with the boundary conditian= 0, C = Cyp
the whole bed is exposed to an average concentration of

2 c
chlorine Ccp,); / dc 3ms| Zk/ dz
. Diffusive transport of gas is neglected: e C ALU'SP&

(o]

7. There is no accumulation in the gas phase, that is, the _3 2
gas is considered to be in a quasi-steady-state. C = Coexp & (3.8)
ALurdpsi
With the above assumptionEq. (3.7)can be simplified For shallow beds, the average chlorine concentratian,§
to used is given by the equation:
dc _ —3mg . CoAurdos —3mr2%
T —rgs'rzkc Cel, = OO—O’OS' 1—exp _TsE 2 (3.9)
. ALurdpsi 3m2r2k Aurdpsi
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Fig. 5. Correlation betweek. andkg for beds of different porosities and height equal to 5mm.
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Substituting (3.9) irEq. (3.6) case, the model must take into consideration the diffusive
048 048 mass transport.
o — 1 +Vo—r A plausible and simpler alternative for representing
B ky the compacted bed is, after evaluatikg to determine
1 CoAURMs; —3m0,2 ky as a fitting parameter for each experimental condi-
= 50—02 [1 — ex (%)} (3.10) tion. Starting withEq. (3.5) the model for the compacted
3mSir k Au Opsi bed iS
i 1C 1 1C
Since ro-r=5 = ((1/k Y+ Ak )) 1=kt (34D
. . o o
US|=ﬁ=>MSi=@ Si g r Si

Si osi SubstitutingEq. (3.9)in the above equation, an equation

Eq. (3.10)describes the chlorination of non-compacted beds similar to Eq. (3.10)is derived
of —4 to +14 mesh particles. . 2. 0.2

Compacting of the bed, on the other hand, may increase,; — r = }%@MS' |:1 _ exp(M)} r (3.12)
the influence of diffusion on the transport of the gas. In this 2 3msi72 [

181 ('k)' R WS

16 __'g——"'—’—’l"‘—l—’——’—’ ]
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Fig. 6. Correlation betweek. andkg for beds of different porosities and height equal to 10 mm.
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Silicon conversion time profileg(t), are obtained for com-
pacted and non-compact beds-o4 to +14 mesh particles
using the equation:

r 3
x@®=1- <—>
ro

377

The model also provided assistance to the study of the
influence of temperature, bed height and bed porosity on the
chlorination kinetics.

According toFig. 4, the mass transfer resistance (RDF)
remained almost constant in the temperatures investigated
(500-700°C). Conversely, the chemical reaction resistance

A computer code was developed to calculate instantaneous(RRQ) decreased steadily with increasing the chlorination

and average mass transfer coefficiekgsandkg ave), chem-
ical reaction and mass transfer resistances (RRQ/k;
and RDF= 1/kg) and silicon conversiongl2]. The aver-
age mass transfer coefficieri;fve) was calculated by the
equation:

" 152 _ 152
/ ° o524, _ %00 =150
r 1.52(rg — 1)

wherers is the final radius of silicon particle (ch

4. Results and discussion

The average mass transfer coefficidgt(e was initially
used. The rate constant valudg) (were obtained by ap-
plying Eq. (3.10)to a set of experimental data. The results
can be found inTables 3 and 4or bed heights of 5 and
10 mm.

Silicon conversion profiles of the chlorination runs for
non-compacted beds are shownHiy. 2 The reasonably
good agreement between the profiles obtained from the
model and from the data can be verified in the figure.

The application of the model for compacted beds comple-
ments the investigation of the effect of bed porosity, since

temperature.

Although RRQ was higher than RDF, the difference be-
tweenk; andkg is larger for the lower temperature range,
characterizing the greater sensitivity lofat more elevated
temperatures. These results reveal that temperature varia-
tions alter more significantly the chemical reacti&y),(than
mass transferkg).

Figs. 5 and @resent; andkg values for bed heights of
5 and 10mm, respectively. It can be observed thatkthe
values are the same for both non-compacted heds@.29
and 0.27) and compacted beds= 0.21 and 0.15), since
the particle size is the same everywhere. In additionkghe
values are higher than tHe for non-compacted beds and
these values decreased with increase in compacting of the
bed for both heights.

Consequently, with increase in compacting, the rate con-
stant ) decreased with decrease kg, since thek; value
remained constant for both non-compacted and compacted
beds at the same temperature. These results indicate clearly
that the effect of compacting is significant insofar as the be-
havior of the reaction system, mainly as a consequence of
the increased role of the diffusive component in the mass
transfer mechanism. Comparing the data presentejm 5
and 6for non-compact beds (= 0.27,L = 5mm) and £ =
0.29, L = 10 mm), it can be observed thigfincreases with

the average mass transfer coefficients were obtained by ad-decreasing the bed height, although in all the casedthe

justing the model to the experimental d§®d. The values
of k; for compacted beds are the average ofihealues for
non-compacted beds;ye), Since the rate constant should
not vary with bed height, chlorine flow rate and chlorine
pressure. The results are listedTiable 5

For compacted beds the model given By. (3.12)did
not fit properly the experimental data as showrFig. 3.
After fitting the model to the experimental data for com-
pacted beds, th& ave values used in this case were used
again in the non-compacted beds model. This refit allowed
the model to describe the experimental resuligbles 3
and 4present the parameters corresponding to the final fit of
the model to the experimental data for non-compacted beds.
The model represented quite satisfactorily the data and a sim
ilarity can be seen between the initial and the final fit curves
(Fig. 2.

The total rate constant¥{og) for non-compacted and
compacted beds were determined using the silicon conver-
sion profiles obtained from the modd@kables 6 and Bhow

these total rate constants and the values obtained experimen-

tally for each conditionkexp). It can be verified that the to-
tal rate constants derived from the model are quite close to
those obtained from the experimental data.

values were lower than those kf (RRQ > RDF). Indeed

the smaller the height of the non-compact bed, the higher is
the difference between (RRQ and RDF). It can also be seen
that for a compacted bed & 0.21, L = 10mm) and £ =
0.21, L = 5mm), compacting alone is sufficient to make
kg < kr (RDF > RRQ). In this bed, the effect of bed height

is not the cause of significant changeskjrassociated with
changes in silicon conversion.

5. Conclusions

The results obtained from the application of the mathe-
matical model for the silicon chlorination reaction granted

the following conclusions:

1. The mathematical model established the relationship be-
tween the mass transfer coefficiek§)(and the rate con-
stant k) as a function of temperature, bed porosity and
bed height for size-4 to 14 mesh (Tyler) silicon parti-
cles.

The silicon conversion time profiles obtained from the
model represented adequately the experimental data for
non-compacted beds.

2.



378 E.S.M. Seo et al./Journal of Materials Processing Technology 141 (2003) 370-378

3. The total rate constants obtained experimentally and [2] H.M. Rong, Quality criteria for silicon used for organo silicon
from the model are quite close for both compacted and industry. Metallwissenschaft Technik 42, Jahrgang, Heft 7, 1988,

) pp. 681-684.
non Compa,lc,ted beds. . [3] A. Schei, Metallurgical production of high purity silicon, in: Pro-
4. The sensitivity ok, to temperature changes was higher ceedings of the Fourth International Ferro Alloys Congress, New
than that ofkg, that is, the difference betwedn andky Orleans, 1986, pp. 397-489.

was higher in the low temperature range which charac- [4] P.S. Brallier, The chlorination of metals, Trans. Am. Eletrochem.

terizes the greater sensitivity kf at more elevated tem- Soc. 49 (1926) 257-266. _
peratures [5] O. Hutchins, Silicon tetrachloride, in: Symposium on Released Elec-

trochemical Information at the 35th General Meeting of the Ameri-

5. k- values are temperature dependent and vary from can Electrochemical Society, New York, 1919, 309-321.
0.34cm/s (500C) to 0.75cm/s (708C). kg values are [6] L.P. Hunt, Low-cost, low-energy processes for producing silicon,
also dependent on porosity (compacting) and bed height, in: Proceedings of the Electrochemical Society Softbound Sympo-

and vary between 0.1 and 4.0cm/s depending on the sium Series on Semiconductor Silicon 1977, Princeton, NJ, 1977,

. L. pp. 803-819.
experlmental conditions. . [7] C.C. Chen, M.M. Chang, F.R. Shu, C.S. Liu, Chemical purification
6. With respect to mass transfer, compacting has a greater  of silicon. Part I. Chlorination of low purity silicon. J. Chin. Inst.

influence than variation in bed height. Indeed, at 800 Chem. Eng. 5 (1974) 93-98.
and bed height of 5 mnky decreases from2.5t0 0.1cm/s  [8] R.C. Weast, CRC Handbook of Chemistry and Physics, 58th ed.,

with compacting and to 1.7 cm/s with increase in bed CRC Press, Boca Raton, 1977. o
height to 10 mm [9] E.S.M. Seo, Estudo Cinético da Cloragdo ddc®i, Doctorate The-

. . sis, University of Sdo Paulo, S&o Paulo, Brazil, 1997.

7. For non-compacted beds, increasing the temperaturg o) p. Kunii, O. Levenspiel, Fluidization Engineering, 2nd ed.,
from 500 to 700C and bed height from 5 to 10 mm Butterworth-Heinemem Series in Chemical Engineering, USA,
rendered a decrease in the chemical reaction to mass 1991
transfer resistances ratio and therefore altered more sig-[11] ©O. Levenspiel, Chemical Reaction Engineering, 2rd ed., Wiley, New

- York, 1972.
mflcantly the rate ConStank‘O than the mass transfer [12] J. Szekely, J.W. Evans, H.Y. Sohn, Gas—-Solid Reactions, Academic

coefficient (‘g) Press, New York, 1976.

[13] J. Szekely, N.J. Themelis, Rate Phenomena in Process Metallurgy,
Wiley/Interscience, New York, 1971.

[14] K. Kato, H. Kubota, C.Y. Wen, Mass transfer in fixed and fluidised
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