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ALstract

A studv was conducte:d on the: re:action of solid ",·lQO jl)rme:d l'rom maQne:site: C\IQCO·l.. ....... ....'

with CI, and CO gas. in a stirre:d tank re:actor containing a liquid bath of MgCl,. The:

re:action rate: was found to be controlled bl' CO mass transfer l'rom the gas to the liquid

phase and was zero order \Vith respect to the conccntration of MgO. At temperatures

l'rom 743 to 824°C. the reaetion rate exhibited an activation er.ergl' of 80 Id/mol. \Vhich is

tl'pical of a diffusion controlled reaction.

The chlorination rate \Vas effectcd bl' both temperaturc and CO/Cl, ratio and estimates of

the optimum conditions \Vere obtained: temperature (856.6 OC) and ratio of CO/Cl,

(1.24). The addition ofan inen gas (N,) to the reagent mixture was found to deercase the

reaetion rate. Iron was found to have a negligible effeet on reaetion rate at the levels

tested (up to 560 P.P.M.).

For those experiments eondueted at 820 oC ±5 oC. an overaII correlation was obtained

which related the MgO reaction rate. -with impeller power (k\Vlm'). superficial gas

velocity (cmls) and the panial pressure ofCQ (atm.):

Rate = 0.609 (P,fV,)"3S (vJo... (Pco)!. ... (kgmollm31h) [55].

Mixing and gas dispersion characteristics were defined for the specific impeller/tank

geometry used in these experiments.

Using the results presented here. it wouid be possible to estimate the size and number of

commercial stirred tank ehIorination reaetors. whieh would be required to produee any

speeified quantity of magnesium. staning from magnesite. with an aeeuraey of:: 44%.

WiÙl 95% confidence.
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Résumé

Ce projct de rcchcrchc portc sur unc étude sur la réaction du solidc !'vigO (formé du

"magncsi,c", MgCO,), avcc du Cl, ct du gaz CO, dans du MgCI, cn formé liquide. Celle

réaction ce produit dans un contenant agitatcur à réaction. Ceci a démontré quc lc rapport

dc réaction fut controlé par un transfert dc la massc du CO passant de la phase gazeuse à

la phase liquide ct avait aucun ordrc avcc la concentration dc MgO, il est alors

indépendant. A Ics températures de 743 à 824 oc. le rapport de réaction démontré une

activation d'énergie de 80 kJ/mol. qui est typique d'une réaction controlée par la difusion.

La vitesse de réaction de ehlorination est aftèctée par la température et le rapport d::

CO/CI" Des estimations des conditions les plus favorables furent obtenues: températurc

(856.6 oC) et le rapport de CO/CI, (1.24). L'addition du gaz N, a diminué la vitesse de la

réaction. Le fer semble avoir un effet très minimc sur le temps de réaction au." niveau."

testés Gusqu'à 560 P,P,M,),

Pour ce qui en est des o."périences aIL" tempérarures de 820 oC ± 5 oC, on obtient une

corrélation globale qui démontre une relation entre la réaction du MgO, avec le pouvoir

de l'impelleur (kW/m3
), la vitesse du gaz (cmls) et la pression du CO (atm.):

Vitesse de réaction = 0.609 (P/Vt)03' (vf" (P",)t.I4, (kgmollm31h) [55].

Les charactéristiques du mélange et de la dispersion des gaz sont definies pour le

contenant agitateur à réaction utilisé dans cette expérimentation.

En utilisant les résultats présentés ici, il est possible d'estimer la grandeur et le nombre de

contenants agitateur à réaction commercial qui seraient requis pour produire une quantité

de magnesium, en débutant avec du "magnesite", en utilisant une marge de confiance de

95% avec une intervalle de ± 44%.

Il
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• Chapter 1 Introduction to Magnesium

Magnesium occurs naturally, in the fonn of a large number of compounds such as:

dolomite (MgCOJ·CaCOJ), magnesite (MgCOJ), carnallite (MgCI~·KCI·6HP),

serpentine (Mg.(OH).Si.oIl·HP) and magnesium chloride (MgCl~), which occurs in sea

water. surface and underground brines'. Magnesium is the eighth most abundant element

in the earth's crust, at an average concentration of2%~.

Magnesium has high strength and stiffness to weight ratio·s. making it suitable for use as

a structural metal3• '. Being 4.5 times lighter than iron and 1.6 times lighter than

aluminum', magnesium is the Iightest (s.g. 1.738)5. as weil as the third most common

structwal metal after iron and aluminum·, The production ofmagnesium is compared to

such metals as iron and alumin:.un in Table (, Sorne of magnesium's applications

include: pressure die castings, alloying agent for metals such as aluminum, reùuction of

titanium, a metal deoxidant and desulfurizer, and Grignard reagent', A breakdown of

magnesium consumption by market is given in Figure 1, for the year 19948
,

Table 1: World Production ofVarious Metals (1993) (1000 mt)'

•

Metal

Fe (steel)
AI
Cu
Zn
Pb
Ni
Mg
Sn

Canadian

10,000
2,200
750

1,312
300
172
28

1

American

87,000
3,700
1,770
552
400
2

145

World

728.000
19,000
9.300
7,000
3,200
826
303
175
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Chemical

2%
Electrochemical

4%
Metal Reduction

1%

Desulphurization
15%

Wrought Products
2%

Gravity casting
1%

Other
2%

A1uminum
49%

•

Figure 1: Western World Magnesium CODsumptioD by Market (1994)'

2



•

•

\Vhat is surprising about Table 1 is how linle magnesium (303.000 mt) is manufactured

(kss than 2% as much as aluminum). For magnesium use to grow significantly. it must

begin to compcte directly with aluminum in the automotive and structural markets·. The

magnesium indust.;: has traditionally been dominated by a small number of suppliers.

Thcse suppliers have control over the arnount of magnesium produced and have linle

incentive to compete in new and volatile markets.

A review of magnesium economics completed in 1981. indicated that pricing practices by

the suppliers and not production cost. is the reason that magnesium does presently

compete with aiuminum in the structural market9
• New suppliers must enter the market.

ln order to have a competitive advantage over existing suppliers. research must be made

into innovative technologies for producing magnesium and its antecedents. This research

work is the result ofsuch a study.



• Chapter 2 Magnesium Production Technology

AboUl lhree quarters of the world's 303.000 mt of magnesium is produced by the

e1eclrolysis of magnesium ehloride (MgCl~)'. The remaining quarter is produced by

melal10thennie reduetion \\ith FeSi of either magnesite or dolomite. using the Pidgeon'O,

Il, ,~ or the Magnethenn processes'3, 14. IS, '6. ". üther commercial Magnesium proc::sses

which have been used in the past include: carbothennic reduction at atmospheric

pressure" and electrolytic reduction ofmagnesium oxide !Tom a molten fluoride bath'·.

The estimated production capacities of magnesium for 1995 by various companies.

countries, and methods are listed in Table 27
•
8

•

Tablc2: Estimatcd Magnesium Capaeity (1995)7.8

Producer Country Capacity (mt) Process Raw Material
Dow U.S.A. 60,000 Electrolytic Sca water.

Magnesium scashells, dolomite

Magcorp U.S.A. 35,000 Elcctrolytie Great salt lake brine

Northwest U.S.A. 49,000 Magnetherm Dolomite
Alloys

Timminco Canada 7,000 Pidgeon Dolomite

Norsk-Hydro Canada 45,000 Elcctrolytic Magnesite

Brasmag Brazil 10,000 Silicothermic Dolomite
(Pidgeon Variant)

Norsk-Hydro Norway 35,000 Elcctrolytic Brine (new process)

Pcchiney France 15,000 Magnetherm Dolomite

China 18,000 Pidgeon Dolomite or
magnesite

Former Soviet 62,000 Electrolytic Carnallite
Union (not for Ti Prod.)

• Total: 336,000

4
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Only the topic of elcctrolytic magnesium production l'rom MgCI, will be dealt with in

detail. since this forms the basis for most magnesium production and is directly related to

this study. For those interested. magnesium production technologies are covcred in grcat

detail in several publications. The most comprehensive trcatise on magnesium. is the

monograph by Kh.L. Strelets published in 1977'°. An older (1966). but still useful text is

available from E.F. Emlet". Two excellent review papers are also available from G.

Mamantov. C.B. Mamantov and J. Braunstein (1987)' and N. Jarren (1981)".

2.1 Electrolytic Magnesium Production

Magnesium was tirst produced by Sir Humphry Davy in 1808". He produced

magnesium by distilling an amalgam he had produced electrolytica11y. from a paste

consisting of magnesia and cinnabar in naptha19
• 22. Magnesium was directly produced

electrolytica1ly for the tirst time, by Michael Faraday who electrolyzed fused magnesium

chloride, in 18331
• This use of fused magnesium chIoride for electrolysis. continues to be

the basis ofall modem magnesium processes.

Modem electrolytic processes can be divided up into severaI distinct production

operations:

1) feed preparation,

2) electrolysis, and

3) retining and casting.

Electrolysis will be dealt with first, since it determines the requirements for feed

preparation. Retining and casting will not be discussed. as they do not relate to thlS

study.

5



• 2.1.1 Elcctrolysis

Magnesium mctal can not bc dcctrolyzcd from an aqueous solution. due to its high

standard reduction potential (-2.375 vs. S.H.E)". Thcrcforc. ail modem electrolytic

magneslUm processes operatc with a fused salt e1cctrolytc. The chloridc salt of

magncsium is used as the basis for cell electrolytcs. for sevcra! practical rcasons:

abundancc in nature. cheaply produced low melting point eutectics. low mctallic

magnesium solubility. and low reactivity with electrodcsl9
•

Mg(l) + CI!!,:} (1)

484144 J/mol or 5.5 kWh/kg at 714°C!S

=

=

If magnesium chloride is electrolyzed under standard conditions at its mclting point

(714°C2
'):

MgCI!

6.G°(l)

The theoretica1 reduction potentiai for Reaction (1) can be calculated from equation [1]:

6.Go = -n F EO [1)

EO(l) = -2.50 V

•

Pure magnesium cbloride is not normally used as a cell electrolyte. Bener properties in

terms of: conductivity. density, surface tension, magnesium solubility and fluidity are

obtained by using mixtures of different chiorides. The chiorides, whicb can be used to

form the electrolyte can he found by referring to an Ellingbam diagram of the chiorides,

sucb as Figure 226
• The chiorides that are more stable than MgCI:z. sucb as CaCI!, NaCl,

KCl, BaCl! and LiCI can he used. It sbould he noted that the cblorides, that are lcss

stable than MgCl2 (e.g. FeC12, ZrCl., AlCI3) are obviously detrimentai impurities and

must he removed during feed preparation, since tbey will he preferentially reduced during

electrolysis, contaminating the product magnesium.

6
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Liquid magn.:sium produc.:d by d.:ctrolysis. can b.: mad.: to .:ith.:r float or sink in th.:

cdl. d.:p.:nding on th.: choic.: of d.:ctrolyt.: compon.:nts. Nomlally th.: magn.:sium is

mad.: to float in ord.:r to pr.:vent contamination with sludg.:. Typical cdl d.:ctrolyt.:

.:ompositions ar.:: MgC!: (10-15%). CaCI: (40%). NaC! (30-40%). and KCI (5-20%)".

Comm.:rcial cdls op.:rat.: at about 2.7-2.SV. at th.:s.: compositions and about 700"C:".

G.J. Janz ':1. al. have published good references for the physio-chemical and c1ectrical

properties ofmolten salts:'·:'. Phase diagrams and propeni.:s ofmixed chloride systems.

useful in electrolysis. have been summarized by Strelets:o.

Each magnesium producer operates its O\\TI variety of eIectrolysis cdl. du.: to th.:

proprietary nature of the industry. Several producers use variants of the \.G. Farben cell:s,

:!9. which uses internaI diaphragms to separate the magnesium and chionne (in ord.:r to

prevent the reverse of Reaction (1) and corresponding loss of current efficiency). The use

of diaphragms incrcases anode to cathode spacing and the resistiv.: voltage drop.

therefore diaphragmless cells have becn developcd. including designs by Norsk-Hydro:'

and VAM!'o.

Dow Magnesium3
', which operates the largest single magnesium plant in the world. uses

its own cell technology. The Dow ceIl is specifically designed to operate using semi­

dehydrated magnesium chloride. which causes a number of operating difficulties

including: higher sludge formation and higher graphite and energy consumption than

LG. cells·.

Recenùy, a multi-polar ceIl design has becn commereialized by Alean at the Osaka

Titanium Company, in Japan3
2. 33. This ceIl places severa! electrically unconnected

graphite plates between each cathode and anode. Each intervening graphite plate

becomes a bi-polar electrode by applying sufficient voltage. This design has the

advantage that the normal losses associated with distributing current to cach electrode are

essentially eliminated. In additioTt. with no diaphragms. close cl.:ctrode spacing is

8
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possihle and this increases the œll"s volt1l11etrie prnducti<ln raIe {reducing capital costl

and reduces energy consurnption frol11 é1eetrolyte resistance. Good hydrodynarnic design

is crucia!to redueing the time that chlorine huhhles and magnesium droplets have to back

react in the spaces between the électrodes". In diaphragmless cells. CUITent efliciency

drops by 2.5% for every 10 "c rise in temperature between 6ïO-750 "C"'. Good

temperature control is almost cert:linly a requirement orthe Alcan design.

The operating pararnetcrs of \'anous cells arc givcn in Table 3" ". '. ".)0 and a schcmatic

appcars in Figure 3".

Tablc 3: Magnesium Elcctroly·tic CcII Opcrating Par.lmctcrs'· .. ··:J·J"

Dow I.G. Norsk- V.A.M.1. Alean
Hydro (mono- (multi-
(new polar) polar)
ccl!)

Temperature ("C) ïOO 740 NIA NIA NIA
Current (kA) 90 150 400 180 80-140

Current Efficiency (%) 75-80 80-85 92-93 85-90 82
Voltage (V) 6.0 5.5-7.0 NIA 5.0-6.0 NIA

Specifie Energy 18.5 15-18 12 13-14 9-10
(kWh!kg)

Anode/Cathode 4 6-7 NIA NIA NIA
Spacing (cm)

Anode Graphite 0.1 0.ül5 NIA NIA 0.00065
Consumption
(kg!kg of Mg)

Sludge Formation 0.25 <0.1 NIA NIA 0.005-
(kg!kg of Mg) 0.008
Metal Output 500 NIA NIA NIA 3000
(kgldayMg)

9
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Figure 3: Electrolytic Magnesium Cell Designs:l

2.1.2 Feed Preparation

The initia! source of Magnesium for electrolytic processes can he either aqueous (sea

water, brines etc.) or oxidic in nature (dolomite, magnesite, etc.). Regardless of the

starting materia!, the final product must he either solid or molten MgCl:, in order to be

fed to the eIectrolysis celi. The two methods which exist to achieve this objective are:

Method (1): convert the materia! to a saturated solution ofMgCl2 and dehydrate il, or

Method (2): convert the materia! to an oxide and then chlorinate it to the anhydrous

salt.

10
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:'-h;lh"d (1) i~ alm"~t uni\'~r~ally u~~d wh~n ~lartin~ with aqll~"lI~ I<:d ~t"d;~ Ihrin~~. ~~a

W;lh:r. c,;h.:.) 'II, ~1. ;·l, ;', ;1,. ;., ;~. :'l. whik mc,;th~lJ (2) has ht.:c,;n hish1ri..:ally usc,;J h: [ht.: dassic

I.e,. Farb~n proc~ss:' and mor~ r~c~ntly by Ma~Can in ..\I!'~na. Canada",

Two ~omm~rcial Ilow sh~~t~. thos~ of l\'lag~orp (lurrn~r1y .-\\1.-\:\ and also l,)rrn~rly

National Lead) and MagCan will b~ us~d to illu~trat~ th~s~ t\\O m~thod~ .

... 'S "..1.1.1.1 Magcorn - [eed preparation'" ,.. '

The Magcorp fiow sheet is presented in Figure 4"'. The main stcps arc:

1. pre-concentration of the aqucous fced stock.

1. brine puritication to rcmo\'c impurities such as sulphat~ and boron.

3. primary dchydration. and

4, secondaI')' dchydration by mclting and chlorinating.

This is represented by Steps 1-4 in Figurc 4.

The raw material for Magcorp. is brine from the Great Salt Lake. Pre-eoncentration is

accomplished mainly by the use of solar ponds that increase the magnesium concentration

l'rom 0.4 to 7.5 weight percenr'·.

Brine purification is accomplished by adding CaCl~ to the liquor to precipitate gypsum.

which is removed in a thickener. Boron is a particularly detrimentai impurity if present

during magnesium electrolysis. O:ddes of boron tend to stick on the surface of the liquid

magnesium metai formed during electrolysis. preventing it from cOalescing and

poœntiaily causing it to sink". Over 99% of the boron is rcmoved by Magcorp using

solvent extraction3
" •
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• Primary dehydration is accomplished by tirst pre-heating the brine and then spr..ty drying

il. Typical composition of a spray dried !\IgCl, powdcr (forrned by brine from the Great

Salt Lake) is given in Table 4",

Table~: TY'pical Composition ofSpr.lY· Dried "la~nesiumChlorideo

Salt Weight Percent

!\IgCl,
KCI
NaCI
CaCl,
caSo,

LiCI
Na,B,O­

MgO
H,O

8I.5~

1.08
1.50
3.0i
050
1.86
OAi

5
5

The MgO and Hp listed in Table 4. are more likely MgCl!HP and Mg(OHKI as will

become apparent in Section 2.1.2.3. lt should he notee!. that spray drying is a non­

equilibrium process. The thennodynamics of dehydration as applied to various processes

\\ill a1so he discussed in Section 2.1.2.3.

13

(3)

(2)

-198.4 kJ/mol at 820·C:5

2HClul + CO,I'!

-""".6 kJ/mol at 820·C:5=

=

ÂGo (3)

The spray dried material contains too much water and oxide to he fed to the modern.

sealed electrolysis cells tbat are used by Magcorp. An electrically heated molten salt

chlorinator is used to eliminate the last of the water and oxide. Chlorine gas from

electrolysis and carbon are reacted in the chIorinator \\ith MgO and Hp according to the

follo\\Ïng reactions:

MgO+C+CI:w =

ÂGo (2)

•



• For MgO and C to react according '.0 Reaction(2). a dissolved oxygen or oxide

intcrrnediate must be involved. It is possible that Reaction (2) progresses in the following

stages:

MgO = Mg2' + 0 2- (4)

0 2• + C12(d) = 0.5°2(d) + 2Cl' (5)

or MgO + CI2(d) = MgCI2(1) + 0.502(d) (6)

!:J.Go (6) = 9.893 Id/:nol at 820 °C2S

then 0.502(d) +

!:J.Go (7)

and 0.502(d) +

!:J.Go (8)

C =

=

=

=

COr):) (7)

-208.32 kJ/mol at 820 °C2S

CO2(Ol (8)

-187.65 kJ/mol at 820 °C2S

•

The equilibrium partial pressure ofoll:ygen for Reaction (6) can be calculated as follows:

!:J.Go = -R T ln K [2]

K(6) = 0.3367

K(6) = (Pol5 ~,.o2 1 aMgO PCl2
[3]

P~(6) = O.l13(pCIl at 820°C [4]

C"~(6) = h 02 P~ (6) [5]

At atmospheric pressure, the chlorination ofMgO using pure chlorine gas (Reaction (6»,

should generate a P~ ofabout 0.093 atm. (from Equation [4]) and about 9% efficiency of

chIorine use2S (if equilibrium is approached). The chlorination of MgO at 800°C in a

shaft furnace, without reductant, using 80% chlorine (20% N~ bas been reported by L.E.

Dastolfo4l
• During these experiments, which were intended to remove impurities such as

iron from MgO, 0.1-6.3% of the MgO was lost due to an undesired chlorinaùon reaction.

14



• The fraction of the MgO reacted in a given time increased aImost linearly from 500 to

800 oC and was apparently determined by diffusion and not the thermodynamic equilibria

below 800 °C4'.

The Henry's law constant for chlorine gas in cell electrolyte at 750°C is reported to be 0.8

mol/m3/atm4l (about 36% as high as high as that of oxygen in water at 0°C43) and is

reported to increase with temperaturelO. If the solubiIity of oxygen is taken to be of the

same order of magnitude as chlorine. then at a steady state Cil pressure of 0.2 atm for

Reaction (2). the maximum dissolved oxygen will be 3.6 x 10-3 mol/m3
• The density of

MgCll is reported to change as a function ofabsolute temperature (K) according tol':

= 1.976 - 0.302 x 10.3 T l6]

•

With a MgCll density of 1667 kglm3 at 750°C. the dissolved oxygen content wouid

represe<lt a weight fraction of about 6.8 x 10-8. The magnitude of the solubility of MgO

in molten chlorides is on the order of 10'" weight percentl .... (or an Ol- weight fraetion of

about 4 x 10-'). Provided that sufficient MgO surface area is available for dissolution, the

oxide weight fraction shouid remain an order of magnitude higher than the dissolved

oxygen weight fraction. and it is therefore assumed that the separate Reactions (4) and (5)

rather than Reaction (6) will be predominant. This mechanism would imply that

Reaction (5) wouid occur near the gas bubbles and probably within the stagnant boundary

layer (given the assumption ofoxide saturation).

The Cil must dissolve in the liquid MgCll in order to react, as shown in Reactions (5) and

(6). Magcorp uses graphite lances to inject the chlorine gas into the molten eiectrolyte of

the chlorinator. The lances generate large gas bubbles with low surface to volume ratios,

resuiting in poor mass transfer and low chlorine efficiency (requiring more chlorine than

the electrolysis cells produce). Iron or iran saIts are added to the bath to increase the

mass transfer ofthe chlorine gas by 1-2 orders ofmagnitude by the following reaction4S:

15



• FeCl~{{) +

ôGo (9)

=

=

FeCI",)

-5.4 kJ/mol at 820°C"

(9)

•

The apparent liquid phase mass transfer coefficient ....'11 be dramatically inereased for

chlorine by chemical enhancement from Reaction (9) in the diffusion boundary layer

surrounding the gas bubbles. Gas to liquid mass transfer will be dealt with in detail in a

Chapter 3.

Reaction (9) is easily reversible, and thus 2 moles of FeCI, can substitute for 1 mole of

chlorine in Reactions (2) or (3) as indicated below:

2FeC120) + CI2,0> = 2FeCI'(I) (10)

MgO + 2FeCI301 + C = MgCI2,.) + 2FeCI2(1) + CO,O) (II)

Hp,O) + 2FeCI'(11 + C = 2HCIlt:) + 2FeCI~(I) + CO(O) (12)

Reactions (2) and (3) are obtained by adding Reaction (10) with (11) and (12).

respectively.

The Magcorp flow sheet requires an additional processing step, because of the use of this

iron "catalyst". As shown in Section 4 of Figure 4, electrolytic reactor cells are required to

remove iron from the electrolyte to prevent contamination of the product magnesium with

iron. The operation of these electro-stripping cells bas been described in the patent

literature46
•

The primary advantages of Magcorp's process include the use of an inexpensive raw

rnaterial (free brine) and the use of solar energy to reduce the amount of thennal energy

required by the proce:1S. Unfortunately Magcorp is the largest point source of ch10rine

emissions in the United States, releasing 7"10 of the total U.s. emission of ch10rine into the

environment'9. This is due to the low efficiency (<70%) oftheir ch1orination reactor4S
•

16



• 2.1.2.2 MagCan - fccd preparation'"

MagCan (now closed due to finaneial difficulties) used high grade magnesite as the raw

material for their process. whieh was based on teehnology owned by the Minerais

Processing Licensing Corporation (M.P.L.C.).

Lump magnesite ore was purchased from the Baymag (Alberta) magnesite deposit. which

is one of the largest and purest in the worId'" 4'. After careful sizing. the magncsite was

charged to a shaft reactor. The burden of this reactor was supported on a bed of coke,

which was electrically heated when the unit was not in operation.

The magnesite that "''as added to the top of the reactor dccomposed and reacted with

carbon monoxide and chlorine gas. that were injected into the boltom of the reactor.

according to the following reactions:

MgC03

!:lGo (13)

!:lH0 (13)

MgO + CI2(8) + CO(8)

!:lGo (14)

!:lH" (14)

=

=

=

=

=

MgO + CO2(8) (13)

oat 307°C2$

99.26 kJ/mol at 307"C2S

MgC120) + CO2(8) (14)

-177.8 kJ/mol at 820°C2S

-268.28 kJ/mol at 820°C2S

•

The solid MgO particles became coated with liquid MgCI2 as Reaction (14) progressed.

Therefore. like the Magcorp chlorinator. the rate of chlorination in a shaft furnace should

be determined by the rate of mass transfer of the gaseous reagents through the liquid

phase.

If CO diffusion through the gas-liquid boundary layer is rate Iimiting. then increased CO

partial pressures would result in faster overall reaction rates and higher chlorine

17



2) mass transfer

3) fluid dynamics

•

•

utili7.ation. This is in agreement with the data ofD.V. Pruttskov ct. al. for Reaction (14).

conducted in a shaft fumace. These data indicated a slightly higher reaetion rate al a 2: 1

ratio of CO/C12 and increasing utili7.ation of chlorine gas with even higher ratios of

CO/CI2as shown in Figure S'9.

The produet of MagCan's ehlorination proeess was molten anhydrous magnesium

ehloride, which could be tapped from the reactor and fed directly to electrolysis cells.

Diaphragmless V.A.M.I. cells, obtained from the bankrupt American Magnesium

Company, were used to perform the electrolysis.

Strong similarities exist between the MagCan and the old I.G. Farben processes. In both

the MagCan and I.G. processes, oxidic magnesium compounds are chlorinated using

chlorine gas in an electrically heated shaft furnace6
•

3oI
• In the I.G process, precipitated

Mg(OH)2 is converted to MgO, and pelletized with coke prior to chlorination. These

processes are distinguished by the type ofreducing agent (carbon monoxide by MagCan

and coke in the I.G. process) and the source of the magnesium oxide.

It is rumored that carly start-up problems, related to the scale-up of the shaft reactor,

caused the company financial hardship, in spite ofhaving operated severa! chlorinators at

smaller scales. These scale-up problerns were due to the number of phenomena occurring

within the shaft, which included:

1) heat transfer endotherrnic Reaction (13) occurred at the top of the shaft,

exothermic Reaction (14) in the middle and reagent (CI2, CO) pre­

heating at the bonom,

gas (CO, C12, COJ to liquid (MgClJ,

gases (CI2, CO, COJ flowed up the shaft counter current to the

liquid MgCI2, through a porous bed ofsolid MgOlMgCO), and

4) reaction kinetics chlorination Reaction (14).

The difficulty in scaling a process as complex as this, should not be underestimated.

18
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•

:!.1.:!.3 Thennodvnamie Considerations of Magnesium Chlnride Dehvdration

The primaI")' diffieu1ty in using magnesium ehloride is its affinity for \Vater and its

tendeney to deeompose into MgO and HCl during dehydration and melting. A saturated

MgCl2 solution at room temperature (542 gpeo) is in equilibrium with MgCl2*6H20 as

shown in the MgC12 - Hp phase diagram (Figure 6'). The thennodynamics goveming

the dehydration of MgCl2*6Hp are given in Table 5~'.

Table 5: Thcrmodynamies of Magnesium Chloridc Dchydration'"

MgCI~*6Hp = MgC12*4Hp + 2HP<.1 (15)
/::"Go (15) = oat 150 oC

MgCI2*4Hp = MgCI2*2Hp + 2HP'.1 (16)
/::"Go (16) = oat 191 oC

MgC12*2H20 = MgCI,*H,O + H20<.) (17)
~ - -

/::"Go (17) = Oat219°C

MgC12*H20 = MgCI2 + H20c'l (18)

/::"Go (18) = oat327 oC

MgC12*H20 = Mg(OH)CI + HCl<.) (19)

/::"Go (19) = oat298 oC

Mg(OH)Cl = MgO + HClcg) (20)
/::"Go (20) = oat564 oC
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Il is cIear l'rom Table 5 lhal lhe dehydration of magnesium chloride will progrcss

smoolhly l'rom lhe hexahydralc to the dihydrale: however. it is also cIear thal lhe

monohydrale will prcfcrentially decompose 10 the hydroxychloride of magnesium. Any

hydroxychloridc formcd will dccompose to magnesium oxide upon mclting. Therefore. if

magncsium chloride is dehydrated under equilibriur;t conditions. magnesium oxide is the

final product.

The thennodynarnics outlined in Table 5 are for standard conditions. The formation of

Mg(OH)Cl is not as favourable under other condiùons. Data available on the

decomposiùon potenùal of MgCl2 when mixed with other salts20 can be used to calculate

the acùvity and activity coefficients of MgCI2 according to the following equaùons:

IlG = IlGo + R T In(l/aM.<l
2
) [7]

IlG = -n F E [8]

Yi = li; 1 X; [9]

Table 6: Calculated Activities of MgCI2 in Mixtures of MgCI2 and KCI:o

X 2U Experimental Calculated Calculated ActivityM;e12
E.M.F. 2O (V) Activity Coefficient

1.0 -2.531 1.000 1.000
0.622 -2.547 0.688 1.105
0.496 -2.600 0.199 Q.401
0.404 -2.677 0.033 0.081
0.390 -2.681 0.030 0.076
0.298 -2.764 0.004 0.014
0288 -2.783 0.003 0.009
0.211 -2.814 0.001 0.006

With al:1 molar ratio of MgCI2:KCI as e."<Ïsts with many carnallites, it would be

expected from Table 6. that the activity of MgCl2 could be as low as 0.2. This would

suggest that the dehydration of carnallites would he substantially casier than that of pure
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• MgCl~. This fact is weI! knov.n within the magnesium industry and forms the basis for

most of the Former Soviet Union countries (F.S.U.) magnesium technology10.

Commercial magnesium processes use a variety of methods to dehydrate the MgCI1. In

the Dow process. concentrated magnesium chloride brine is tirst dehydrated to about 1.5

moles of water per mole of MgCl~ in a fluid bed dryer. The semi-dehydrated MgCl~

powder is fed directly to the electrolysis cel!. The reason that this material does not

convert directly to MgO can be seen from the data in Table 6. The activity of MgCl~ in

the cell electrolyte is less than about 0.03. inhibiting the decomposition of the MgCl~.

Sorne MgO is still produced and sorne of it subsequently reacts with cell chiorine and

electrode carbon to form MgCl~. resulting in the high graphite consumption for the Dow

process (sec Table 3). The most part of the MgO forms a sludge (see Table 3) and settIes

to the boltom ofthe cell. requiring manual cleaning·.

Reactions (8) and (19) indicate that an atmosphere of nearly pure HCl would allow

anhydrous MgCl~ to be produced without the formation ofhydroxychioride. The required

ratio ofHCVHp can be calculated from the equilibria ofReaction (21):

MgCl~ + HPw = Mg(OH)Cl + (21)

•

At 327"C with a equilibrium PHo/Pll2o=2.0. Reaction (21) goes 50"10 to completion and at

a PHofPll2o=20, Reaction (21) still goes 9.4% to completion~. While this would appear to

be an inefficient way ofaccomplishing the dehydration of MgCl~. it does in fuct form the

basis ofNorsk-Hydro's new magnesium process, now operating in Canada3
•• The route

chosen by Norsk produces dehydrated MgCll suitable for electrolysis. while avoiding the

formation of chiorinated hydrocarbons during dehydration: a problem that plagued their

old plant in Porsgrunn, Norway, that operated the old I.G. Farben process.



• Chapter 3 Chlorination and Stirred Tank Reactors

•

The ideal electrolytic magnesium process would produce anhydrous MgCI, in a single

step. while avoiding the difficulties associated \\ith the dchydration of aqueous MgCI,.

The chlorination of magnesite with chlorine and carbon monoxidc as practised by

MagCan. achieves this objective40
; however. the difficulties of scaling-up a shaft reactor

reduce the anractiveness of their process. These difficulties could be reduced by using a

stirred tank reactor, since standard chemical engineering techniques could then be uscd

for scale-up. This reactor wouid be similar to the Magcorp39 chlorinator. but would usc

rotary injectors instead of lances to disperse the gas into the liquid MgCl, phase.

In the Magcorp chiorinator, thc solid MgO is reacted with solid carbon and g"âseous Cl, in

a Iiquid phase of MgCI" as shown in Reaction (2):

MgO + C + CI'I') = MgCI,(I) + CO(.) (2)

It is the author's conclusion that Reaction (2) is limited by mass transfer of CI, &om the

gas to the Iiquid phase, based on the behaviour of the Magcorp chiorinator. As explained

previously. iron was added to increase the rate of chiorine mass transfer by chemical

enhancement of the Iiquid phase mass transfer coefficient and this was found to increase

the overail rate of reaction4S
•

The MagCan Chiorinator requires the transfer of both CI, and CO into the liquid MgCl,

according to Reaction (14):

MgO + CI~ + COw = MgCl'(I) + CO'w (14)

The rate of Reaction (14) bas aIready been shown to he determined by the mass transfer

of CO·9. The use of iron wouid not be expected to increase the rate of Reaction (14),

since it will have no impact on CO mass transfer; however, if a rotary gas injector were

used, the greater gas/liquid surface area generated per unit gas volume. wouid increase

both CI, and CO transfer rates and also eliminate the requirement to use a catalyst.
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3.1 Rotary Gas Injcctors

A rotary gas injector is essentially a combination of a shaft/turbine. with a gas sparger.

The proccss gas is injected directly through a bore: in the shafi. instcad of through a

separate gas sparger. This eliminates the require:ment for a gas sparger be10w the

impeller. which in many pyrometaliurgicai applications is not practical.

The choice of material from which to fabricate a rotary injector is limited due to the

presence ofchIorine and the absence of water. Under these conditions. even metals such

as titanium will chemically react (titanium \\~11 react violently to form TiCI.): however.

the use of graphite to fabricate rotary gas injectors is weil kno\\n within the a1uminum

industry. Severa! commercial processes (SNIF$'. Alcoa 622$~. AIpur'. RDUSoI
• GIFS$$.

etc.) operate using graphite rotary gas injectors. In these processes. hydrogen. a1kali

metals and solid inclusions are removed from Iiquid a1uminum and a1uminum a1Ioys. by

fine dispersions of either chlonne or mixtures of chIonne and inert gases (N~. Ar). M.

Niimani. P.K. Thay. and C.J. Simensen have published a review of the performance of

the impellers used in these processesS6
•

Rotary gas injectors increase the rate of gas to Iiquid mass transfer by creating fine

bubbles in the vortexes formed at the traiIing edge of the impeller blades. This effect is

ilIustrated in Figure 7$7. These fine bubbIes are dispersed throughout the vesseI by the

pumping action of the impeller.
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Figure 7: Bubble Formation by Rotating Impellerss7

• 26



•

•

3.2 Gas Liquid Mass Tr.lDsfer in Stirred Tanks

The apparent kinetics of a mass transli:r limited reaetion. such as Reaction ( 1-1) ean be

described by the following equations:

R = kl a (C: - C,) II 01

c,. = h, P, II 1]

'Nnere species (i) is the reactant with the slowest mass transpon (low solubility or low

diffusivil)'). The limiting specie for Reaction 114) has already been shown to be CO'".

It should be noted that Equation [10] assumes that liquid sidc mass transfer resistance

will predominate. if this is not true. the overall mass transfer coefficient Kl must be used

instead: IIK l = I/(E ~) + Ilk l [12]

The gas phase mass transfer coefficient (~) can beeome important if suflicient chemical

enhancement of the liquid phase coefficient (kJ occurs. The effeet ofa chemical reaction

on inter-phase diffusion is illustrated in Figure 8'".

An estimate of the liquid phase mass transfer coefficient (in the absence of chemical

enhancement) can he obtained from the foUowing correlation'":

NSbL = kA,I(c DJ = 2.0 + 0.31 N",,'·1 [13]

For spherical gas bubbles (about lA mm and less'''). the gas-liquid interracial area per

unit liquid volume (m~/m3) can he calculated from the mean bubble diameter and gas

hold-up:

a = 6 & / <4 [14]

Gas hold-up is the fraction ofthe total dispersion volume occupied by gas:

& = (V, - V,) / V, [15]
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Many correlations of gas hold-up are available in the literature for different types of

impellers. Two examples are given below"':

t: = 17.9 (PlV)"" (Vfb' [16]

t: = 0.52 (N.,)"" (Nwc)06' (Dff)" [17]

A more widely used method of estimating kL and a. for a stirred tank. is to use a

correlation of the follov:ing formS7
:

kL a = k (PlV)' (v,Y [18]

The normal method for obtaining the constants in Equation [18]. is to use a reaction for

which the mass transfer driving force (C;' - C;) in Equation [10] is known. This method

was first used by C.M. Cooper. GA. Femstrom and S.A. Miller in 194461
• who utilised

the copper cataiysed oxidation of sodium sulphite by air.

Values for the constants in Equation [18] appear to be dependant on many experimentai

pararneters (impeller and tank geometrys. presence of electrolyte. cataiyst used. water

quality. etc.) and have varied widely in the literature. Values of the exponentials. x and y.

have varied from 0.4-0.95 and 0-1. respectivelf'. A review of a large number of

researchers by K. Van't Riet62
• suggested values for x and y of 0.4 and 0.5 for pure water

and 0.7 and 0.2 for electrolyte solutions.

More recently. the use of dissolved gas meters have a1lowed kLa to be correlated without

the use of a chemical reaction. The equations for water-electrolyte (non-coalescing) and

pure water (coalescing) systems at 20·C are":

kLa = 2.3 (PMo., (v;r [19]

kLa = 1.2 (PIV)"·7 (VJO.6 [20]

The reaction rate of a mass transfer controIIed reaction can he calculated by combining

Equations [10] and [18]:

R = k (C;' - C;) (PMX (vJY [21]
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Where the mass transfer driving force (C;' - C;) is constant. Equation [21] reduccs to:• R = k (P N)' (v r,. :1 [22]

•

Stevens and Yu. used an equation of the fonn of Equation [22] to correlat~ the ratc of

alkali mctal chlorination in liquid aluminum using chlorine gas and a rotary gas injcctor·':

R = k (N'OsN)O.lOS (vfl4 [23]

In order to obtain the coefficients in Equation [22], for the chlorination of MgO by CI,

and CO in MgCI" it was necessary to conduct chlorination experiments in a stirred tank.

For the results to be of maximum use, the design ofthis tank was such that it could later

be sca1ed-up with geometric similarity.

3.2.1 Mixing Power in Stirred Tanks

The mixing power is required to use Equation [22] and to detennine motor size on scale­

up. Oimensional analysis of a rotating impeller leads to an equation of the following

fonn for mixing power in the absence ofgas64
:

Po = Np P WOS (NRJ" (NFl [24]

In bafiled systems the Froude number (NF,) is not important, since vortex fonnation is

avoided. In Figure 9, the power number (Np) is plotted against Reynolds number (NRe) in

a bafiled tank, for a number ofcommercial impellers6s
•

Power number is strongly dependant on both tank and impeller geometry and on the

location of the impeller within the tank. Of particular importance are the height of the

impeller from the bottom (C), the size (b) and number of bafiles (n) and the impeller to

tank diameter ratio (DIT) 66. Experimentation will be required to determine the power

number (Np) ofthe graphite rotary gas injector, due to its unique impeller geometry.
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\Vhen gas is injectcd into a tank with a rotating impeller. the power required to rotate the

impdlcr generally decreases as shown in Figure 10"'. The effect of gas injection on

power consurnptifln is thc subject of rnuch rcsearch. Two good revicw papers are those

by M. Greaves and M. Barigou60 and J.B. Joshi. A.B. Pandit and M.M. Sharma6
'.

While rnany correlations exist to relate gassed to un-gassed power. the vast rnajority of

these equations incorporate a linear or non-linear correlation with aeration number (N.).

While the data in Figure lOis approxirnated by 2 linear equations. the sarne data could be

correlated by a single equation of the form:

p/Po = k (N.)c [25]

This equation will be used to correlate the gassed power data obtained frorn these

experirnents. The coefficient for the aeration number has been reported to be between

-0.22 and _0.3860•
68

•

Equations [22], [24] and [25] are not valid for ail cornbinations of irnpeller speeds and

gas injection rates. Sorne cornbinations of irnpeller speed and gas injection rates will

produce a phenomena known as flooding. Flooding occurs when too rnuch gas is injected

for a given rotational rate of the impeller. When flooding occurs, the gas is no longer

propedy dispersed and extrernely large bubbles with low surface to volume ratio appear.

The large bubbles result in a dramatic decrease in both gas hold-up and gas-liquid

interfacial area.

If a spinning impeller is rotated al a constant speed (N1) and the gas injection rate is

increased, the impeller will flood at a certain gas flow rate (QI)' If the gas injection rate

is maintained at (QI) and the rotational speed ofthe flooded impeller is increased. at sorne

higher speed (N0, the impeller will again disperse the gas.



•

1.0

~....
o
c
.::

'i 0.8
~

"3:
o
Co-3:
o
c:
~

:. 0.6

~

"3:g
II

~ 0.4
~

" ~ .
'\ ,Lq~(6.191

, il 1
:,\', 1

~~,

1 ~ /Eq. (6.20)
.-

1
• ~

~1
f..::__

t-- --- --
----

1A"0.03
1
7

o 0.02 0.04 0.06 0.08 0.10

•

Figure 10: Ratio of Gassed to Un-gassed Power Aga:nst Aeration Number"



•

•

If the impdlcr is operated above (N,) at (Q,). it will never be tlooded and ifit is operated

bdow (N,) at (Q,) it will always be tlooded. Operation between (N,) and (N,) could

result in cither the impcller being tlooded or not. This meta-stable tlooding phenomena

has been ploned by Rushton and Bimbinet6
' in Figure II. Care must be taken to avoid

operation in the meta-stable area of gas dispersion. Norrnally l'rom 1-7 kW/m3 (up to 15

kW1m3 in small vessels) is suffieient to adequatcly disperse the gas".

The transition from weil dispersed gas to flooding is shown schematically in Figure 12s7.

The flow regimes in Figure 12 have been described as follows70;

(a) negligible dispersion (flooded)

(b) upper part ofvessel acùng as bubble column

(c) gas circulaùon in the upper part ofthe vessel, with occasional movement in the

lower region

(d) gas circulaùng throughout the whole vesscl

(e) secondary loops fonn and gross recircuiaùon

For rotmd bafflcd tanks using Rushton turbines in water:

NF is the transiùon from (a) to (b) and is the minimum spccd at which flooding can be

avoidcd7l
:

(N.)F = (QIND3)F = 30 (Drri" (NF') [26]

Nco is the transition from (c) to (d) and is the spccd at which the minimum raùo of P/Po
is occurs for a fixcdgas injccùon rateS':

Nco = (4 Q0.5 "['l:l5)/D' [27]

NR, is the transition from (d) to (e) and is the spccd at which the peak in the ratio ofP/Po
occurs for a fixcd gas injcction rateS':

NR, = (1.5 Q0:! T)1D2 [28]

The ratio ofP/po is ploned against acration nurnbcr (N.) in Figure 13s7.
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The presence of solid MgO may have sorne impact on mixing power and gas dispersion.

The solid MgO will effcctively increase the liquid density. The impact on gassed and un­

gassed mixing power cao be caleulated by substituting the etTective density in Equation

[24].

The effeet of solids on the gas hold-up has been reported to be negligible at solids

concentration less than 30 wt% for ~=206 /llll. Interfacial area has also been reported to

be unaffected by solids concentrations ofless than 4 wt%. for 75 /llll<d"<600/llll72
• It is

expected that the presence ofsolid MgO will have little or no effect on gas dispersion

below4wt%.

In a typical solid-liquid system, such as found in most leaching operations, reaction rates

are generally found to he nearly independant of impeller speeds. once the solid particles

are completely suspended. This fuct has lead to a large number ofcorrelations for the

speed which willjust suspend all the solid particles (NJJ. Zwietering developed the most

successful correlation for NJS'3:

NJS = S V°.l d°.2 (g ~p! p)0.4S XO.l3 ! 0 0.85 [29]

Nienow determined values ofS for different geometIys. For a CIT=O.24 and 01T=0.48,

the value ofS for Rushton type turbines is about 5'3.

The speed required to achieve a homogenous suspension ofparticles is always higher

than NJS; however, no good correlations exist to calculate this speed. Normally

homogeneity cao best he tested by performing a wash-out test, which verifies that the

solids residence time is as one would expect from an ideal continuous stirred tank. reactor

(CSTR)74.
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• Chapter 4 Experimental Part 1: Mixing and Gas Injection

•

4.1 Experimental Objectives

Experiments were eondueted with three major objectives:

1) to determine the un-gassed power number of the rotary gas injector.

2) to determine the relationship bet\veen gassed and un-gassed power for the

rotary injector. and

3) to visualize the gas dispersion within the chlorination reactor.

4.2 Apparatus

The apparatus to be described in Chapter 5 "las used for power measurements in MgCI~

and water. The following additional equipment were also used for testing in water:

1) a dynarnometer (sec Figure 14), and

2) a plexiglass model ofthe cWorination reactor.

4.3 Experimental Procedure

4.3.1 Un-gassed Mixing Power

The dynarnometer shown in Figure 14 was used to determine the power number of the

rotary gas injector. This dynarnometer was designed and built at the Noranda

Technology Centre for testing of impellers ofabout 6" (0.15 m) in diarneter.
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A variable speed D.C. motor was u.<ed 10 rotale the impdlcr shaft. which was directly

coupled 10 one end of the molor. The D.C. motor was mounled on well lubricated ball

bearings. The entire motor was free to rotate about its central axis. The movement of the

motor was restrained by 2 pins in slolS at the base of the motor. A digital tachometer was

anaehed to the end of the motor shaft opposite the impeller shafl as shO\~n in Figure 14.

The dynarnometer used a 0.25 m long lever ann to transmit the reacùve torque of the

impeller to a string. which was placed over a weil lubricated pulley. Static weighlS were

anached to the string to just balance the torque (the point at which the restraining pins

remained centered in their sIOlS).

The mixing power couid be obtained from the following equaùons7
':

P = 2 lt N M [30]

where: M = g m L [31]

The power number was then calculated by solving Equation [24].

An a1uminum impeller shaft and a plexiglass reactor, both geometrically similar to those

used in the hot chIorinator, were fabricated and used during these experiments. ActuaI

graphite impellers were used with the a1uminum shafl

Un-gassed mixing power was a1so determined using the drive mechanism from the

chIorination experîments. Electrical power was determined by measuring the annature

voltage an(~ .::urrent of the D.C. motor:

P = VI ~~

The electrical power required to spin the impeller in air (P.) at various speeds was determined

after a period of4-5 hours operation in air at 1000 R.P.M (to allow the bearings to achieve a

steady temperature). The eiectrical power (PJ required to spin the impeI1er in water and in

molten MgCl2 (containing no MgO) were then determined
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The un-gassed mixing power (Po) was caIculated by suètracting the power in air from the

total power required to spin the impeller in the liquid:

Po = P, P, [33]

The density of moiten MgCl2 was caIculated from Equation [6] and then the power

number caIeulated from Equation [24]. This method had been previously verified in

water, by eomparison with dynamometer readings for approximately 6" (0.15 m)

diameter impeIlers76
•

ln order to avoid plugging the graphite impeller in the MgCI2, a flow of 50-100 mUmin

of nitrogen was necessary for the new impeller (this Jow gas flow will have introduced an

error of about 1% in the estimate of the true un-gassed power). The used graphite

impeller was tested without this smalJ gas flow, since the impeller was near the end of i15

useful life.

4.3.1 Gassed Mixiog Power

Chiorine and carbon monoxide gases were injectcd into the chlorinator in a III ratio and

a variety of flow rates (0.5-2.25 Umin each). The molten MgCl2 had previously been

chiorinated and thus contained no MgO to consume the gases, or Interfere with density

caIculaùons.

The gassed mixing power was measured for the graphite impeller at speeds of 600-1000

R.P.M. in molten MgCI2, using the same eiectricai method describcd sbove. The raÙo of

the gassed to un-gassed power was then caIculated for each impeller speed and gas

injection rate.
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4.3.1 Visualization of Gas Dispersion

1t was not possible to observe the gas dispersion within the molten MgCI,. A plexiglass

water modcl w<c; therefore used 10 observe the degree of gas dispersion (as diseussed in

Chapter 3 and shown in Figure 12) at the gas injection rates and impeller speeds to be

used during the hot testing.

The aetual gas volume injected into the chIorinator is 4 times the gas volume at 0 oC. due

to the relatively high (820 OC) temperatures in the reactor. For the flow visualization. it

was assumed that the same actuaI (expanded) gas injection rate should used. Gas

volumes between 8 and 24 Umin at 21°C were used (equivalent to 2-6 Umin at S.T.P. of

a mill.'tUre ofCI, and CO in the actual eh10rinator at 820 OC). The effect of the difference

in pressure head. due to the differenee in densities of MgC1, and water. on the gas volume

was ignored, since it represents Iess than 1% of 1 atrnosphere.
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• Chapter 5 Experimental Part Il: Reaction Kinetics

•

5.1 Experimental Objectives

Expcriments were conducted with three major objectives:

1) to determine if magnesite (MgCO) could be chlorinated in a stirred

reactor using chlorine (CI2) and carbon monoxide (CO) gas, under

conditions which could reproduced industrially.

2) to determine the effect of the various process parameters on the apparent

reaction kinetics, and

3) to infer the probable rate controlling step iTom the experimental results.

5.2 Apparatus

A general schematic of the apparatus used in these experiments is given in Figure 15.

The apparatus consisted of4 main components:

1) fumace (sec Figure 16),

2) reactor (sec Figures 17 and 1877
),

3) rotary gas injector (sec Figures 17-1977
), and

4) controls (sec Figure 20).

A comprehensive list ofnames and addresses ofsuppliers is provided in Appendix A.
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Figure 16: 40 kVA "Glowbar" Fumacc

46



•

•

Figure 17: New and Used Reactor Crucibles, with New Gas Injector
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Figure 18: Graphite Reactor and Impeller - General Schematic

The rotary gas injector (1), with impel1er (2) and shaft (3), is located height (C), above

the bonom of the reactor. The impel1er bas width (W) and is height (h), belIow the

surface of the MgCl2 bath. Four baffles ofwidth (b), are located in the reactor, ofwidth

(T).
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5.2.1 Furnacc

A 3-phase. 40 kVA (200 A. 20SV). resistance heated. "glowbar:' furnace was used in

these experiments. This tùmace \Vas controllcd via a type K thermocouple locatcd in the

heating zone of the furnace, and an Omega CN9111A. on/offcontroller. Carborundum.

Fibre Fra" Duraboard insulation (2" thick)...vas used to conslrUct a crucible lido and

furnace cover. Fibre Fra" Durablanket (1" thick)...vas used to make the fumace nearly

gas tight. Primary v;entilation was provided by an S" wall supported ventilation duct.

while secondary ventilation was provided by a hood located above the furnace. Ail gases

were scrubbed via a commercial caustic scrubber. attachcd to the building ventilation

system. Detail can be seen in Figure 16.

5.2.2 Reactor

A silir.,m carbide. Morganite EF 444. Salarnander crucible (O.H. - 476 mm. J.H. - 451

mm, 0.0. - 254 mm, LD. - 216 mm) was used to protect a graphite (Speer-S90 S)

crucible (OR. - ]3", LH. - 12", 0.0. - 8", LD. - 6.250") from oxidation. The inner

crucible was equipped with four graphite (UCAR-ATJ) baffl;es, which were 10" high.

0.490" thick and 1.000" wide. These baffles were counter sunk 0.375". into 0.500" wide

slots in the walls of the crucible, at 90· intervals. The baffles were held in place using

graphite (UCAR C-34) cement. The various parts, new and used can he seen in Figure

17. A schematic of the inner crucible and rotary gas injector are included as Figures 18

and 19".
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5.2.3 Rotary Gas hljcctor

Gas was injectcd into the vesscl after passing through a Deublin rotary union (Modcl

#1102 070 081. 114". N.P.T.. R.I-I.T.). From the rotary union. the gas flowed into a

hollow steel shaft. 1.000" in diameter. with a 0.250" central bore (sec schematie Figure

15). The steel shaft was held extremely straight. by using two selS of self centering

pillow block bearings (Seal Master NPI6C). spaced about 8.5" apart. The steel shaft was

driven using 2" wide toothcd gears and timing belts (to prevent slip and insure consistent

power L'":IIlSmission). A 112 horse power. direct currcnt motor (Balder Industrial.

T.E.F.C.. 180V. 1.7A, 1150 R.P.M.) provided the motive power. A 2:1 gear ratio (6" and

3") was used. allowing for a maximum impeller speed of 2300 revolutions per minute.

The drive mechanism was built onto a stand, whieh allowed for the impeller height to be

raised or lowered over several feet.

A 24" long graphite (Speer-890 S) shaft, 1.500" in diameter, with a threaded bottom (1"

by 8 T.P.!.) and a 0.250" diarneter bore, was joined to the steel shaft, via a eomplex

connector (shown in Figure 17). The connection was made gas tight by the use of O-ring

seais and a chlorinated grease. Details ofthis coupling will not be made available, since

these are the property of the Societe des Technologies de L'aluminum (S.T.A.S.) Ltd., as

part of the commercial GIFS aluminum flu.xing system.

A graphite (UCAR-ATJ) impeller, 3.000" in diarneter and 1.500" thick, was attaehed to

the bottom of the graphite shaft, via 1/2" of thread (8 T.P.!.). Gas was released via 9

holes of 0.1 25" diarneter, located OS' from the impeller bottom, in 9 - U shaped SIOlS.

These SIOlS had a width and depth of0.454".

Speer 890 S graphite. is an extruded grade of graphite, with above average mechanical

properties (high flexurai strength of 3200 P.S.I."'), and is an ine~..pensive choice for large
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• I11cchanical part..' such a..' mixcr shafts. UCAR ATJ graphitc. is a vcr:.' high quality.

isostatically moldcd gmphitc. with sup.:rior mcchanical propcrtks (average llexural strength

ofo"er 4250 P.S.!.) and excellent nattlI'a! resistance to oxidaùon (low porosity) "'.

Quality of graphite is detennined by source of carbon (partide size. ash and impurity

content). fonning technique (extruded. molded. or isostatically molded) and the number

oftimes they are impregnated by pit;;h and re-graphitized (low porosity and high apparent

density). The most expensive grades. such as ATJ. are isostatically molded of fine

grained graphite (0.15 mm). with very low ash content (0.16 %). and multiply

impregnated v.;th pitch and re-graphitized (about 3 times). resulting in high bulk density

(1.76 g/em; vs. the theoretical for graphite of 2.25 g/cm3 or for amorphous carbon of 1.8­

2.1 glcm3
"") and low Darcy's penneability (0.002)79. The least expensive grades arc

extruded and either non-impregnated or singly impregnated with pitch.

Table 7 summarizes the v...lue and dimensional ratios of the experimental apparatus.

Table 7: Dimensions and Dimensionless Ratios for Experimental Apparatus

Dimension Symbol Value Value Dimensionless
(inches) (mm) Ratio

(Dimensionff)

reactor diameter T 6.25 159 1
totalliquid depth H 6.5 165 1.04.
impeller diameter D 3.0 76 0.46
impeller thickness W 1.5 38 o?~•.Q

impeller height from bottom C 1.5 38 0.23
baffie width b 0.625 16 0.1

Iiquid height above impeller h 3.5 89 0.56
impeller shaft diameter S 1.5 38 0.23

impeller shaft bore diameter Sb 0.25 6 0.04
height of gas holes above W. 0.5 13 0.08

impeller bottom
width of the slots in impeller d. 0.454 11.5 0.073
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5.2.4 Controis

ImpcIlcr sp<:<:d was d<:t<:nnin<:d using a Shimpo optical tachom<:t<:r. l'vlodd DT 205B.

using a rdkctor mounted on the side of the sted shan. This method had an accuracy of

about 1 revolution per minute. Impeller speed was controlled using an Emerson

Industrial Controls. Focus 2. Modcl PN2450-S000. direct current speed controller.

Mixing power was detennined by monitoring the armature voltage and current. using two

Meter Master. Modcl RP-35V meters. CUITent was convcrtcd to a voltage reading. by

using a 1ONI 00 mV shunt.

Temperature \Vas monitored using type K thennocouples manufactured by R.D.C.. in

ilS" diameter. by 24" long. stainless steel sheaths. These thermocouples were used for

both furnace control and monitoring the reactor temperature. Vycor glass tubes (by Dow

Coming). s,~aled at one end. with 7 mm 0.0. anà 1 mm wall thickness. were used to

proteet the stainless steel thermocouple sheaths from the corrosive environment in the

reaetor.

Gas fiow was deterrnined using Gilmont rotameters with glass balls. as fo11ows: carbon

monoxide (#2 - 23335). chlonne (#2 - R686 or #3 -61664). nitrogen (#3 - 31627). Flow

meters \Vere calibrated using a GCA Precision Scientific. wet gas no\V meter and using

the Gilmont fiow rate analysis software. Model GF-4000 Ver. 1.0. The calcuiated fiow

rates were found to match those of the wet gas fiow meter to the limit of accuracy of the

rotameters (1/2 of 1 division).

Carbon monoxide fIow was reguiated using a Mathcson mass fiow contro11er, Model

8270. This unit was dcsigned for 0-5 Llmin. with a 0.01 Llmin. resolution and was

equipped with a 0-5 V output. This unit \Vas used to reguiate the fiow at a value
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detennined Irom the (iiimom rotameter. Totaiized CO Ilow ",as monitored using an

Omega Model DPF60 r,ltemeter:totalizer.

Liquid chlorine and nitrogen. and compresscd carbon monoxide gas cylindcrs. wcre piped

through 1/4" stainless steel tubing. Nccdle valves on the gas rcgubtors wcrc uscd to... ... ... ...

control the Ilow of nitrogen and chlorine. The liquid chlorine cylinder sat upon a Tolcdo

Modcl S140 balancc. with a rcsolution of 0.05 lb. (0.02 kg). The carbon monoxide

cylinder was weighed with a Howe Richardson Modcl L.P. 544/H.R.50 Iloor scale. \\;th a

maximum rcsolution of 0.1 lb. (0.05 kg).

A Nova Tector. Tox-tector, portable CO mcter was used to monitor for unsalè l,~vcls of

carbon monoxide in thc area of the cxperiments.

Temperature and carbon monoxide fiow were continuously monitored usmg a Cole

l'armer. 14 channel data logger (Model Mac 14). Data were displayed and stored on an

LB.M. XT clone (Mutlti-Tech 700 plus). \\;th a 30 megabyte hard drive.

Many of the conttols described above. can be seen in Figure 20.

5.3 Reagents

For the results ofthese experiments to be valid at any scale. it \Vas necessary to carefu11y

choose the quality of the reagents. A conscious decision \Vas therefore made to use

reagents ofless than the maximum possible "laboratory" purity.

Natural magnesite (MgCO;) from the Baymag deposit" was chosen for use in these

experiments. About 10 kg of magnesite ore (-2"" or -50 mm) from Lot #225062 \Vere
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uscd. ft was neecssary to prepare this material for use. by eomminution. The ore was

tirst erushed with a j:;w and then a roll erusher. The erushed material (most1y -0.25" C'r-6

mm) was then pul':erizcd using a disk pulverizer and subsequently sereened (Tyler

sereens: 50. 70. 100. 140. 200. and 270). The oversized material (>50 mesh) was re­

erushed and re-serecned. Figure 21, is a photo of the as reeeivcd magnesite ore and the

106-150 lLm size fraction. Assays of the various size fractions. obtained by indirectly

coupled plasma (I.C.P.) spectrography, are given in Table 8.

An initial bath of anhydrous magnesium chloride (MgCl~) had to be created. into which

the magnesite could he fed. Aldrich, anhydrous magnesium chloride (formula weight

95.22, melting point 714 oC. S.G. 2.320, particle size <20 lLffi), !Tom lot number 10204AF

was used. This material was guaranteed to be less than 5 % water. but was found to be

less than 1.0 % water (by Karl Fischer titration). Assays for this material arc given in

Table 9. Ali assays accept Hp and MgO arc by I.C.P.. Magnesium oxide assays arc by

back titration (sec experimenta! procedures below).

High purity liquid chlorine (H.P. grade produced by Matheson) and compressed carbon

monoxide (C.P. grade by Praxair) both 99.5 % pure were used. Commercial liquid

nitrogen (by Praxair) was used (equi,,:ùent to extra dry nitrogen).

5.4 Experimental Procedures

The graphite reactor was charged with sufficient solid magnesium chloride (about 5 kg)

to fill it to a depth of 6.5-7.0" (16.5-18 cm) when molten. A nitrogen pl.rge of 3 Umin.

was applied to the freeboard of the reactor (ail flows arc at standard temperature and

pressure, 0 oC and 1 annosphere) and the fumace was heated to about 800 oC. \\'hen new

Aldrich MgCI~ was used, a pre-chlorination was done at this point to remove traces of

MgO !Tom sources other than MgCO;.

56



•

•

Figure 21: Magnesite Ore as Received and 106-150 !!m Crushed Fraction
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Table 8: naymag Magnesite (MgCO,) - Head Samples

•
Sizc Ca Na K Si AI B Cu Fe Ni Cd Pb Mil Sb
(fnll) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (%) (ppm) (ppm) (ppm) (ppm) (ppm)
<53 0.66 97;1 109 747 353 28 1600 0.30 30 NIA 237 118 85

53-75 0.68 NIA NIA 438 166 74 118 0.20 2 <0.5 25 120 59
53-75 0.50 636 <100 460 252 29 954 0.23 17 NIA 150 96 73

75-106 0.49 557 <100 152 187 22 706 0.21 14 NIA 153 95 62
106-150 0.46 464 <100 105 151 18 485 0.19 13 NIA 113 91 56
150-212 0.46 291 <100 104 84 17 141 0.15 5 NIA 77 82 55
212-300 0.49 247 <100 83 82 21 67 0.12 6 NIA 6 77 56

Table 9: AldrIch Anhydrous Magnesium Chioride Assays

Samplc MgO Hp Ca Na K Li AI
(%) (%) (ppm) (pplJI) (ppm) (ppm) (ppm)

1 0.14 0.63/0.66 NIA NIA NIA NIA NIA
2 0.04 1.0510.94 NIA NIA NIA NIA NIA
3 0.17 1.0711.05 0.44/0.39 3.6/3.8 30139 0.1/0.1 4.114.1

58



•

•

Once the MgCl~ charge \Vas molten. the depth of the mollen bath \Vas mcasured by

inserting a glass rod into the reactor and then measuring the length of material frozen on

the rod. This was normally repeated several times to obtain " good average. If the depth

was too high. a quartz ladle was used to remove the excess material. Iithe depth was too

low. additiona! solid MgCI~ was added.

When thc correct depth was obtained. 300-600 g of MgCO; was added. to give a MgO

solids weight fraction of 2.5-5 %. Surface moisture was removed from the MgCOJ prior

to use. by heaùng at 200 oC for 1 hour. This \I:as done to prevent any moisture from

creating MgO. which might react differently frùm the MgO produced by the

decomposition of the MgCO;.

Once the reactor had stopped fuming (CO~ evolution was \:omplete). the reactor was

heated to about 10°C less than thc expected operaùng temperature and the rotary gas

injector was lowered to the proper elevation (set by the locaùon of a retaining ring).

Nitrogen was applied to the impeller, prior to lowering it into the reactor, in order to

prevent it from becoming plugged with solidified MgCI2• The d~pth was measured and

recorded bath before and after immersion ofthe impeller.

The gas injector was then spun to the appropriate speed and after about 10 minutes, a

samp~':: of MgCI2 of about 30-50 g was taken using a pipette bulb and a 7 mm diameter

Vycor tube (with a 1 mm wall thickness). About 3 separate tubes were used in

succession. A second sample was taken about 10 minutes later. These samples were

divided into 2 equal parts, one part was saved for labCiratory analysis, the other was

subjected to a simple bench test to determine the MgO content. This sampling procedure

is demonstrated in Figure 22. In using this technique, it was assumed that the agitation

provided by the mi.xer was sufficient that the MgO was homogeneously distributed

throughout the molten bath of MgCI2• This assumption is discussed in Chapter 7 and in

Appendix B.
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Figure 22: Melt Sampling Procedure
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When the starting amount of MgO had becn \'erificd and the reactor temperature had

stabilizcd. Ù1C chlorine and carbon monoxidc \Vere turned on and the nitrogen l'rom thc

impeIlcr \Vas s\Vitchcd back to the rcactor free board. This \Vas taken to be time zero for

thc experimenl.

Flow rates were adjusted about every 5-10 minutes to maintain constant values.

NormaIly the CO flow ratc was perfectly stablc. duc to the use of a mass fio\V controller.

At exactly 15 minute intervals. additional melt samplcs were taken for later laboratory

analysis for MgO and manual rccordings \Vere taken of aIl flo\Vs. reactor tempcrature.

impeIler speed, voltage. and CUITent. At OllC hour intervals. double samples \Vere takcn

and onc of these samples was used to perform additional MgO bench tests, to monitor the

progress of the experiment.

The cxperiment \Vas terminated 1 hour after a sample \\ith less than 1 % MgO was taken

(nonnallyan end point of about 0.1 % MgO). Just prior to the end of the experiment the

depth of the gas-liquid mixture in the reactor was measured. This \Vas done using the

same glass rod described earlier. This procedure was difficult due to the small size of the

reactor and the presence of the rotating impeller (duplicate readings were therefore not

performed). At the end of the experiment, another set of depth measurements were taken

using a glass rod, both with the impeller immersed and not (difference of about la mm).

Just prior to ending the experiment, the power required to rotate the impeller was

determined by measuring the armature voltage and CUITent. The power required to spin

the same assembly in air was then taken and the difference was assumed to be the amount

dissipated in the bath (see Chapter 4 for details).

Initial and final weights of the chlorine and carbon mon,:>xide cylinders were taken as a

cross check against the recorded flow rates. This proved of linle value for the carbon

monoxide, since its low molecular weight resulted in very little mass being used.
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After the completion of an experimcnl. the MgCI, in the reactor was allowed to solidify

under nitrogen. Normally the MgCl, \Vas re-used for subsequent experiments. by simply

re-mclting and doping with MgC03• The MgCl, was changed as required (such as when

a ne\V reactor \Vas used). Air oxidation of the top of the reactor required it to be changed

once. The impeller was also changed twice (one broken and one plugged).

5.4.1 Analytical Procedures

The main analytical procedures used in these e:xperiments were for the determination of

MgO. A simple bench test \Vas developed for control of the experiments and a back

titration procedure was used for precise analytical determinations accurate to 1ess than

0.1% MgO.

The bench test consisted of taking a sample of about 25 g of the melt from the reactor

using the technique demonstrated in Figure 2 L The material frozen inside the Vycor

tube, was pushed out using a steel rod. This material was placed on a watch glass and

weighed on a Sartorius model A200S analytic balance, accurate to 0.0001 g. The

material was washed into aiL beaker filled with approximately 0.5 L of water. A

magnetic stirring bar was added and the beaker was mixed until the MgCI, had dissolved.

The insoluble MgO, was filtered through a pre-weighed filter paper, by vacuum filtration.

The filter paper and MgO sample were heated for about 10 minutes at 150 oC and then

weighed. The mass of the MgO was taken by difference and the percent MgO was

calculated as the ratio ofthe MgO mass, to mass ofthe original melt sample.

ln determining the results of the experiments, melt samples taken by the same technique

as described above, were analyzed by a back titration method. ln this method, 3 g of melt

were dissolved in water and 10 mL of IN HCl acid were added to dissolve the MgO. The
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Tesidual acid was titr.Jtcd using 0.5 N NuOl-!. The end point or this back titration \Vas

determined as being pl-! 7+/-0.5. using a pl-! meteT standardized betwcen pl-! 4.0 and 8.0".

Ali minoT clements were analvzed bv digestion in aeid. with analvsis done bv Le.p.... .. - ....
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• Chapter 6 Results Part 1: Mixing and Gas Injection

•

6.1 Un-gassed Mixing Power

Un-gassed mixing power was deterrnined using a dynamometer and an electrical method

for water and using the electrical method for MgC12• These data are summarized in

Figure 23.

In Figure 23 the calculated power numbers (N.) are ploned against R.P.M.. NorrnaIly.

the impeller Reynolds number (NR') is used as the X-a'(is for a plot such as Figure 23. In

order to calculate the impeller Reynolds number in MgCI2• il is necessary to know both

the density and viscosity of MgCl2 at the cxperimentai temperature. The available

density and viseosity data for MgCl2 are ploned in Figures 24 and 25. The density data of

the N.B.S. (Equation [6])27 was chosen over that of Strelets20
• The viscosity data of D.

DumaslU was chosen for its agreement with the data of P.X. Kymaeb et. aI.83 and Kh.L.

Strelets20
, while the viscosity data of A.A. Maurits'" was ignored. The viseosity (cP) of

MgCl2 was correlated with absolute temperature (K):

f.1 = 0.204 e (19361/(R Tl). R2 = 0.994 [34]

The power number data have been re-ploned against impeller Reynolds number in Figure

26. Theoretica1ly, the power number shouid be independant of the fIuid (for Newtonian

fIuids), be identical for the same impclIer Reynolds number and be independant of

Reynolds number above a vaIue of about 10,000. The power number data in Figures 23

and 26 obtained by the electrical method, show large variations up to a Reynolds number

ofaImost 100,000 and have a stronger relationship with impeller R.P.M. (Figure 23) than

Reynolds number (Figure 26). This wouid tend to indicate that a systematic error,

dependant on impeller speed was introduced using the electrical method.
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• 6.1.1 Vn-gassed Mixing Power in Water

The data obtained for a new impeller in water using a dynamomel~r are summarized in

Table JO beIow:

Table 10: Dynamometer Experimental Data

Depth ofWater 6.5" 0.1651 m
lmpeller Diarneter '" 0.0762 m.)

Tank Diarneter 6.25" 0.1588 m
4 Bames of Width 0.625" 0.0159 m

Impeller Height 1" 0.0254 m
from Bonom

Length of 9.8" 0.2500 m
Lever Arm

R.P.M.

330
429
428
582
645
648
739

Mass Force Torque Power Power Reynolds
0 N Nm \\1 Number Number
'"
10 0.098 0.025 0.85 1.99 32577
20 0.196 0.049 2.20 ., ~- 42350_•.):J

20 0.196 0.049 2.20 2.36 42251
40 0.392 0.098 5.97 ., -- 57453_.:J:J

50 0.490 0.123 8.27 2.60 63672
50 0.490 0.123 8.31 2.57 63969
60 0.588 0.147 11.38 2.38 72952

Temp.ofWater
Density ofWater

Viscosity ofWater

23.0
997.5
0.978

oc
kg/m;

cP

Average: 2.47
Std. Dey.: 0.12

428-739 R.P.M.

•

Using the dynarnometer it \val' found that lOg of weight was required to overcome the

frictional forces of the bearings SUPiAlrting the motor. The actual weights used ranged

from 10-60 g for 330 to 739 R.P.M.. The errors in the power numbers measured using

this equipment are highest at the lower speeds. where the lOg possible error represellts a

much higher percentage of the total weight. The average power number at the four

highest speeds was 2.47 with a standard deviation of0.12. At these speeds. the maximum

possible error in weight of lOg. represents an uncertainty in the power number of 0.68.
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Aeeuraey eould have been inereased if higher speeds were possible (power and therefore the

required weight inercase to the 3rd power of speed). Unfort:mately the dynamometer

apparatus had a natural harmonie at a speed just above 739 R.P.M. and became too unstable

to be used. The small lOg error in mass is normally insignificant using this apparatus. sinee

using an impeller twiee the diameter of the one used in these experiments, would result in

masses 25 (32) times as mueh being required (320-1920 g) and render the lOg uneertainty

negligible.

Using the eleetrical method on the drive meehanism from I:le ehlorination experiments, the

same new graphite impeller was found to have a power nUI;lber ofabout 3.58 with a standard

deviation of 0.36 over the same R.P.M. range. However, it is obvious from Figure 24 that

the power number did not s-..abilize until about 700-800 R.P.M.. Above 800 R.P.M. the

impeller was found to have a power number of 3.03 with a standard deviation of 0.03. The

total power required to spin the impeller in water (Pù , the equivalent power to spin the

impeller in air (Pa> and the un-gassed mixing power (Po) are shown in Figure 27. Above 800

R.P.M. the expeeted 3rd power relationship bctween rotatioroal speed and mixing powel

became evident (see Equation 24). With the inereased rigidity and "trueness" of the drive

meehanism from the ehlorination experiments, the first harmonie WJS at alx>::t 1200 R.P.M.,

and thus speeds weil above those in used with the dynamometer eould be tested.

The errors associated with the eleetrical method were probably due to the very low wattages

being mcasured and the high proportion of the tolb~ power represented by the power in air.

The proportion ofthe total power attributed to th~aetual mixing power ranged from a lowof

13 % to ahigh of 42 % for this case. Thus any error 3S:.'Oeiated in correcting for the

eleetricai and meehanical effieieneies of the motor will be propol'ti"nately higher at the low

R.P.M ", It should also be noted that the power in air is independant ofimpeller size and the

aetual mixing power inereases to the 5th power of diameter (see Equation 24), thus the errors

assoeiated with this method have been magnified due to the small àiameter of the impeller

used in these experiments.
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Figure 27: Elcctricnl Power Agnlnst Specd For New Grnphite IlIIllcllcl'in WnlCl'
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6.1.2 lIn-gassed Mixing Power in MgCI,

The un-gassed mixing power was obtained for both a new and a used impeller (used in about

a dozen experiments). These results are also ploned in Figure 23. Above about 700 R.P.M.

the two data sets are statistically indistinguishable and in the 700-1100 R.P.M. range. the

impeller power number (for both new and used impellers) in MgCI2. is estimated as 2.76.

with a standard deviation of 0.1 O.

The experimental data for the new impeller in MgCI2 are ploned in Figure 28. The third

power relationship of mixing power with impeller speed was evident over the entire range of

speeds. Due to the higher density of MgCI2, mixing power is about 64% higher than in

water at any given speed, thus increasing the accuracy over the results in water. The mixing

power :-epresented 11-50% ofthe total power mcasured in this experiment.

Possible sources of error included changes in drive belt transmission efficiency, e1ectrical

mcasurement errors, changes in electrical efficiency of the motor and variability in the

resistance to rotary motion (changes in bearing grcase viscosity with temperature and load).

With reference to the power numbers obtained in water, the power number obtained in

MgCI2 (2.76) would appear have an uncertainty of about +/- 10% in the range of 800-11 00

R.P.M..

6.2 Gassed Mixing Power in MgCI2

Gasscd and un-gasscd mixing power were mcasured for a new impeller in MgCI2 at 600, 800

and 1000 R.P.M, at approximately 830 oC, for gas flow rates of CI2 and CO cach of: O.s.
1.0. 1.5, 2.0 and 2.25 Umin (at S.T.P.). The ratio of gasscd to un-gassed power has becn

ploned in Figure 29 for the three speeds and five gas flow rates.
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The 3 sets of data have been correlated using the aeration number. Two correlations were

ùbtained. one Iinear and one exponential as shown in Figure 29:

p/po = 0.452 (QIND')""·" R' =0.885 [35]

p/Po = 0.922 - 1.444 (QIND') R' = 0.893 [36]

The exponent in Equation [35] wiI! he influenced by the exact impellcr/tank gcometry

used; however. the magnitude of the exponent in Equation [35] does fall within the

published range (-0.22 to _0.3860
•
68

) for flat six blade turbines.

The standard error for Equation [36] is 0.035.

6.3 Visualization of Gas Dispersion

A series of photographs were taken of the water model in operation at a variety of

impeIIer speeds and gas flow rates, taken to be representative of those used in the hot

modeling. Speeds from 200-1000 R.P.M and gas injection rates from 8-24 L!min (aetua1

flows) were used. These gas flows are equivalent to 1-3 L!min (at S.T.P.) eaeh ofCl, and

CO (2-6 L!min total), injeeted into a hot ehlorinator at 820 oC.

According to Nienow's Equations [26]-[28] at 16 actua1 L!min the impeIIer speeds at

which flooding ends, and complete gas dispersion and gross recireulation begin are: NF =

194 R.P.M., Nco = 426 R.P.M., and NR = 475 R.P.M.• respeetively. These numbers are

for a Rushton turbine and must therefore be treated with caution, since fluid flow patterns

and resuiting gas dispersion characteristics are highly dependant on impeIIer geometry.

The actua1 flooding point for the special graphite impeIIer used in these experÎments was

found to he at approximately 200 R.P.M at 16 actua1 L!min as shown in Figure 30. At

600 R.P.M. (Figure 31) the impeIIer .....as nearing the transition to complete dispersion and

at 800 R.P.M. the flow regime had transforrned to gross recirculation (Figure 32\ At
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1000 R.P.M. the impcller was in the gross reeireulation bubbIc regime al ail gas flows up

to 24 aetual Llmin (Figure 33). It is therctorc assumed that gas dispersion in the aetual

ehlorinator is predominately in the gross reeireulation bubble regime (see Figure 12 in

Chapter 3). The flow patems produeed by the graphite impeller where very similar to

those produeed by a normal flat blade turbine.
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Figure 30: Gas Dispilrsion at 200 R.P.M. and 16 Actual Umin
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Figure 31: Gas Dispersion at 600 RP.M. and 16 ActualLJmin
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Figure 32: Gas Dispersion at 800 R.P.M. and 16 Actual Umin
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Figure 33: Gas Dispersion at 1000 RP.M. and 24 Actual Llmin
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• Chaptcr 7 Results Part Il: Chlorination Experimcnts

•

A series of 33 experiments \Vere performed to study the parameters affecting the rate of

reactiol' of MgO (formed by the thermal decomposition of MgCOJ \Vith CI, and CO

gases. in a liquid bath of magnesium chloride. using the stirred tank reactor described in

Chapter 5. The conditions under which the experiments took place are summarized in

Table II and the experimental results are summarized in Table 12.

The following independant parameters were studied:

1) MgO concenli"ation.

2) initial MgCO, particle size.

3) total gas fiow rate.

4) ratio ofCO/CI,.

5) dilution \Vith an inert gas (N,).

6) impeller speed.

7) temperature, and

8) initial Fe concentration.

Other pararneters \Vhich couid ha.e an impact on reaction rate. but which were not

directly stl'.died include:

1) ratio of initial melt height to tank diameter,

2) impeller wear, and

3) concentration ofcontaminants other than Fe.

The effect of each pararneter on the rate of th;: chlorination reaction is dealt \Vith in the

following sections.
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• Table 11: Summary of Experimental Conditions

Exp!. MgO Avg. Temp. Avg. Avg. A\'g. Avg. Intial Initial Initial
No. Partie le Temp. Std. Imp. CI, CO N:! MgCI, MgO Fc

Sizc Oc\'. Spccd Flow Flow !'Iow Hcight Content Content
(flm) (OC) (oC) (R.P.M.) (mUmin) (mUmin) (mUmin) (mm) (\\1.%) (P.P.M.)

1 53-75 829 3.39 1006 1834 1858 0 168 4.34 .,.,---"
2 53-75 850 7.46 1005 1406 1449 0 173 5.26 351
3 212-300 815 14.69 1005 1431 1441 0 163 4.76 403
4 212-300 8"- 2.78 1003 1830 1865 2827 170 5.07 349-"5 212-300 821 5.15 1003 1831 1865 0 170 4.45 214
6 212-300 826 4.3 1005 933 934 0 170 4.77 .,-.,-,,-
7 53-75 821 3.1 1004 1413 1495 0 152 4.95 300
8 212-300 824 2.05 1004 469 459 0 165 5.12 ., --_:>:>
9 212-300 8"- 2.11 1004 2840 2816 0 165 5.10 256-"10 150-212 908 4.72 1005 !325 1865 0 165 4.65 239
Il 150-212 743 3.57 1006 1840 1865 0 152 4.21 306
12 150-212 864 3.84 1005 1825 1865 0 178 4.01 264
13 150-212 824 1.34 1006 1834 1865 0 173 5.13 303
14 150-212 783 2.26 1004 1844 1865 0 163 3.85 222
15 106-150 824 4.81 1004 1827 1865 0 165 4.21 227
16 106-150 823 4.11 1004 1413 1497 987 168 3.46 252
17 106-150 8"- 3.41 1004 929 934 1885 168 2.98 249-"
18 106-150 826 2.88 1004 934 934 0 163 3.69 245
19 106-150 825 2.62 1006 1411 1497 0 163 3.62 279
20 106-150 825 1.73 1004 472 475 0 173 3.64 308
21 106-150 824 3.57 1004 467 474 2827 160 5.02 333
22 75-106 824 2.97 1004 1834 1865 0 163 4.06 227
23 75-106 825 2.45 1156 1834 1865 0 163 2.71 218
24 75-106 824 1.27 609 1829 1865 0 163 3.27 251
25 75-106 824 1.67 804 1822 1865 0 157 3.15 213
26 75-106 824 2.31 1006 1834 1865 0 163 4.01 441
27 75-106 825 1.57 -.1006 1834 1865 0 163 3.45 560
28 53-75 824 1.82 1002 1830 1865 0 168 2.32 .,-.,-,,-
29 53-75 824 2.21 1006 1417 1497 0 163 2.51 312
30 106-150 825 1.13 1004 2226 1497 0 165 3.69 202
31 106-150 824 2.38 1002 1506 2219 0 160 3.78 241.,2 106-150 8"- 1.97 1005 1420 2219 0 165 3.02 296-"-- 106-150 8"- 1.69 1005 1829 1862 0 163 3.76 396"" -"
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Table 12: Summal') of Experimental Results• Percent Average
oOrder Final Accounted Gas Reaction MgCI, Volume

Expt. Reaction Rate MgO Hold-up Time Efficiency Volume Change
+1- \\1. CI, CO CI, CO

No. (moI/Llh) (%) R' (%) (%) (%) (%) (min.) (%) (%) (mL) (%)

1.24 7.0 0.997 <0.02 115 96 8.3 122 80.0 80.6 3199 -1
2 1.01 13.1 0.979 <0.02 84 122 Il.6 165 88.9 86.3 3306 0
3 0.84 12.5 0.981 <0.02 112 92 10.0 165 68.4 67.9 3123 0
4 0.44 9.7 0.970 <0.02 103 109 21.9 285 27.5 27.0 3078 -12
5 0.71 16.9 0.952 <0.02 102 87 -~ 180 47.5 46.7 3290 1,.-
6 0.61 10.6 0.969 0.02 NIA NIA 3.6 256 73.9 73.8 3033 -15
7 0.73 13.2 0.970 <0.02 106 99 6.0 196 54.4 51.4 2820 -8
8 0.28 4.8 0.985 <0.02 100 100 8.3 475 60.8 59.8 2683 -31
9 1.02 30.1 0.898 <0.02 104 108 16.7 180 40.5 40.8 3032 -9
10 0.98 35.4 0.914 <0.02 105 115 4.5 135 63.6 61.3 3125 -4
11 0.55 9.9 0.978 0.02 102 III 0.0 210 34.0 33.6 3046 -10
12 1.05 51.7 0.789 <0.02 109 88 13.2 I~~ 73.7 72.1 3428 0~~

13 1.11 5.7 0.996 <0.02 102 106 17.9 165 73.4 72.2 3244 -4
14 0.80 4.7 0.997 <0.02 98 NIA 7.0 195 50.3 49.7 3108 -3
15 0.87 7.8 0.958 0.03 105 104 14.3 ISO 56.3 55.1 3154 -2
16 0.61 15.2 0.961 <0.02 112 87 9.8 195 51.9 49.0 3214 -2
17 0.39 16.2 0.926 <0.02 100 101 14.3 270 50.0 50.0 3184 -4
18 0.64 Il.4 0.977 0.03 95 99 15.9 195 79.4 79.4 3093 -2
19 0.70 10.2 0.994 <0.02 102 97 \3.1 ISO 57.7 54.4 3108 -3
20 0.37 6.1 0.987 <0.02 lOI 102 8.9 300 90.6 89.9 3123 -11
21 0.20 16.2 0.851 <0.02 106 102 5.1 450 47.2 46.4 2881 -loi
22 0.87 ~~ ~ 0.953 <CI.02 100 106 10.8 165 55.0 54.1 3123 -2-_.:>
~~ 0.70 26.0 0.951 <0.02 98 97 16.1 120 44.0 43.3 3108 -1-~

24 0.44 11.7 0.971 <0.02 99 95 8.8 225 28.0 2ï.5 3078 -5
25 0.44 10.7 0.980 <0.02 109 110 9.6 195 26.8 26.2 3002 -2
26 0.69 18.9 0.957 <0.02 102 94 10.1 165 44.1 43.4 3123 ·2
27 0.71 19.0 0.977 0.38 99 101 7.0 135 45.3 44.6 3124 -2
28 0.49 18.2 0.968 0.10 105 114 3.4 120 32.8 ~~ ., 3260.)_.-

29 0.53 18.3 0.960 0.03 105 81 4.5 150 43.7 41.3 3123 -2
30 0.42 24.4 0.892 0.03 106 100 NIA 195

.,., ~ ~~ ., 3154 ~-~ ~~-

31 1.03 28.9 0.959 <0.02 95 125 6.9 105 ":'9.2 55.7 3093 2
~., 0.81 11.1 0.990 0.03 101 91 NIA 90 68.5 43.8 3229 3~-

~~ 1.07 20.1 0.979 0.10 lOI 112 4.2 lOS 69.6 68.3 3199 5
Average: 9.6 103 102 3118 -4

Std. Deviation: 5.9 10.2 138 6.8
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• Th.: gas hold-up sh,)wn in Tah!.: 12 "'as calculat.:d using Equation 1151 and r.:pr.:s.:nts

the fraction of th.: .:xpand.:d molten "-Igel, \'l)lume occupi.:d hl' gas. Only ,ln.: reading

",as taken for .:adl .:xperiment duc to the ha:zard involved lproximity to rotating

equipment). The n:sults arc nol considered rdiable olher Ihan as an indicalion of Ih.:

actual order of magnilude duc 10 Ih.: wave aClion present wilhin the reaclor and arc nol

deall with funher.

The lime lisled in Table 12. was Ihe lime during which gas was sparged inlo Ihe reaclor

and nOl neccssarily Ihe duralion Oflhe MgO reaclion.

The rcaclion effieiencies of Ihe Cl, and CO were calculaled based on the average molar

fiow rate of the gases (moles/min.) and the MgO reaetion rate (moIlLIh):

MgO reacled (mol!LIh)"V,(avg.)/(Molar fiow ofreagent)"j 00% [37]

The average volume listed in Table 12 is the average of the initial and final MgCl,

volumes. The average reaelor volume was ealculated from the initial and final depth

measurcments and the dimensions of the reactor vesse\. Correclions were made for the

thermal expansion of the graphile from 25 oC to the operating temperature. the volume

oecupied by the baffles and the small volume gained due to a maehining groove in the

base of the reaclor (required to eut the slots for the baffles).

The pereent change in the MgCI~ volume is equal to:

(Final Volume - Initial Volume)/lnitial Volume" 100% [38]

•

The other results listed at the beginning of Table 12. are dealt \\ith in detail in the

follo\\ing sections.
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• 7.1 Effect of MgO Concentration

•

The chlorination rate of the MgO particles was found to be independant of the amount of

MgO present in the rcactor after time zero. Thercfore the chlorination rate of MgO was

Zero order with respect to the concentration of MgO. The fact that the chlorination rate

was independant of the MgO cOllcentration is strong evidence that the reaction rate was

controlled by a diffusion process taking place at the surface of the gas bubblcs.

The rcaction rate of the MgO (mo!/LIh) was determined from the slope ofa lcast squares

regression of the weight percent of the so!id MgO. in the liquid MgClo' against time:

Rate = (~%MgO / min.) • (60 min.lh) / 100 • P (avg.) / 40.305 [39)

The average density was calculated from the weighted average of thc MgO and MgCl1

densities at the stan and end of the period rcgresscd:

p(avg.) = «p (1). (IOO-%MgO(l»)+ p • %MgO,I)) +.... M~~ M...-o ....

(p (0) • (1 OO-%MgO'O»)+ p • %Mg012I)) / 100 11 [40)M...<1:: .... MgO _

The MgO rcaction rate for Experiment 7 was found to bc 0.73 mol/L1h as indicatcd in

Figure 34. with an accuracy of+/- 13.2% (from the 95 % confidence interval for the slope

of the regression line). The conditions under which Experiment 7 were conducted are

listed in Table Il.

The rcaction rates. 95% confidence intervals and RO values (indicating the % of the

variance in the experimental data explained by the calculated rcaction rates) are listed in

Table 12 for the 33 experÏments performed.

The corresponding temperature and CO flow information from the computer data logger

for E.'\-periment 7. are given in Figure 35 for reference.
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Rate = 0.73 moI/LIli, +/- 13.2%, R"2=0.97
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Figure 34: Determinlltion of fhe MgO nellclion nllte for EXllcrimcnl 7
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• ï.I.l Analysis of variance

•

Th<: goal of <:ach <:xp<:rim<:nt Wa~ to d<:t<:mlin<: a r<:a<:tion rat<:. that wa~ r<:pr<:s<:ntati\'<: of

known conditions. Th<: accuracy of th<: <:stimation of th<: a<:tual rat<: was afti:cted hoth hy

chang<:s in the <:xperimental param<:t<:rs (t<:mp<:ratur<:. CO !low. CI, !low. impeller sp<:<:d)

and by any of the uncontrolIablc time dep<:ndant clements within the systcm (e.g.

impcllcr wear. and dcctrolyte compcsition). The extent to which the samplcs that wer<:

t:!ken represented the actual MgO content of the reactor and the accuracy with which

these samples were analyzed. were both of crucial importance in estimating the actual

r<:action rate.

Good control was maintaincd o\'er ail of the primary variables (temperature. CO flow. CI,

!low. impeller speed). The temperature standard deviations of the vmous tests arc listed

in Table 11 (the average value was 3.25 oC). Experimcnt 3 stands out duc to the high

standard deviation in temperature causcd by a brokcn thermocouple. This experiment

\Vas excluded from the analysis.

Temperature \Vas manually "feed-forward" eontrolled at the star! and ~nd of the

experiments. due to the long lag times inherent in the apparatus. The reaetor tended to

overheat in the initial stages of the experiments. due to the exothermic nature of Reaction

(14). and thus the experiments were begun at a temperature slightly below the desired set

point in order to prevent a large overshoot. The apparatus had a tendency to cool as the

reaetion rate fell at the end of the experiments. The standard deviation in temperature for

Experiment 7 was 3.1 oC (0.28% in terms of absolute temperature). The temperature

history for Experiment 7 \Vas given in Figure 35.
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•

Th~ u~~ "f a mass flo\\' controll~r r~~ult~d in ~xtr~mdy pr~ci~~ CO !lo\\' control. Th~

standard ,j~viation of th~ CO !lo\\' for Exp~rim~nt ï \Vas only 3.0 mL'min 10.2%) and is

typical of th~ oth~r exp~rim~nts.

Chlorin~ \Vas manually controlled using a rotameter al the set point. --/- 1 division.

(corresponding ta +/- 14 mL/min for ail tests at less than 1420 mL/min and +/- 90

mL/min for !hose tests above this value). This represents a possible random error in fla\\'

of+/- 1-5%. Systematic errors in flow were minimi7.ed by tirst calibrating the rotameters

using a wet gas flow meter and then using the Gil;nont flow analysis program.

The total amount of gas used for each test was also measured using the change in mass of

the gas cylinders: howcver. thesc results wcrc not rcliable for individual experiments. duc

to the relatively low resolution of the balances (0.05 lb. for Cl: and either 0.1 or 0.2 lb. lor

CO) and the low masses of Cl: (average of 2.10 lb.) and CO (average of 0.86 lb.)

consumed. The resolution of the balances represents an average accuracy of +/- 2.3% for

CI2 and +/- 12-23% for CO. The lower resolution sca1e was used for CO. since the sca1e

was an immobile floor unit and the CI2 cylinder was too hcavy to be moved for weighing.

The resolution of the CO sca1e was 0.1 lb. for experiments 1-9 and 13-33 and 0.2 lb.

otherwise.

The!Wo measurcments can be eomparcd in Table 12. The accountabilities ofCI2 and CO

listed in Table 12. were caleulated by the follo\\ing formula:

(~ass of Gas CylinderY( Avg. Molar Flow*Molar Mass*Time)*IOO% [41]

The volumetrie gas flow was the more aecurate measurcment for an individual test;

however. it appears that 2 or 3 % more gas may actually was eonsumed overall than

ca1culated from the volumetrie flow measurcments (note the average aceountabilities of

CO and CI2 in Table 12). This was likely a systematie offset.
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•

Impdkr speed \Vas manually <:ontrolkd using a "plieal digital tadh'meler. Speed \Vas

~(.)ntn)lIt:d c:qu31 10 the: ;J\'c:r~gc: \'aluc --.- 5 R.P.\L tah()ut ().51~()II~)r t:\\;r:" c:xpc:rimc:nt.

An analysis of varianc<: \Vas perfonned on duplicat<: sampks taken at the stan of eaeh ,,1'

experim.:nt. Th.: 95% contid.:nc.: int.:r\"al for .:ach sampi.: \Vas fôund to h.: ~:- :::3~o.

Thes.: calculations assume that the p.:rcentag.: errors for ail the stan sampks arc pan of

the samc population. \Vith a mean of zero and a single repres.:ntativ.: standard d.:\"iation.

When .:xamined in conjunction \Vith the duplicate assays (Of one sampk per experimentL

it \Vas concluded that approximatcIy 84% of the variance in th.: data \Vas duc to sampling

and 16% \Vas duc to assaying. A detailed analysis of the sampling variance is included in

Appcndix B.

The large variance in sampling \Vas probably duc to stratitication of the MgO paniclcs

within the reactor (inhomogeneity). It was hopcd to minimize the random etlècts of any

possible stratitic'l.tion by al\Vays sampling !Tom the mid-point of the vesse!. In addition.

the sampling technique used was not isokinetic and thus funher segregation of liquid and

solid may have occurred at the moment of sampling: however. an isokinetic sampling

method requires knowledge of the velocity profile and was not practical in this case.

The variance found in the assays was probably due to inhomogeneity in the pin tube

samples caused by segregation during solidification. This \'ariance couId be eliminated

by analyzing whole pin tube samples. Variability could a1so be reduced by taking and

analyzing duplicate or tripl icate sampies and then using the average values to compute

the reaction rate.

Future work should include an experiment dedicated to assessing the aceuracy of the

chosen sampling technique. i.e. multiple samples should be taken &om a fixed height

within the reactor to deterrnine the total sampling variance and duplicate samples should

be taken at sever<Il diffèrent heights to deterrnine if segregation of the solid panicles is
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n~~urrIl1S. 1.1 Jdditinn. eJch sam;J!e shnuld he Jnalyzed at kasl three tim·:s. ln ohtain a

g(lOJ ~lss~.sstnl.:nt of the an:.tlytical variance.

Thc accuracy of the estimate of the reaction rate was greatly affected by the numbcr of

sampks t:!ken for each test. Future rescarchers should increase the sampling frequency

for those tests expected to react quickly or increase the initial quantity ofMgO.

Additional variation occurred between subscquent expcriments. due to changcs in sorne

of the initial conditions. These initial conditions arc summarized in Table Il and include:

P.P.M. Fe. % MgO. and the initial height of MgCl=. The arnount of iron initially in the

reactor depended on the arnount of MgCO; added and the residual arnount present from

the previous expcriment and fcIl stcadily throughout each cxperiment. The mass of

MgCO; added ta the rcactors depended on the quantity of each size fraction available and

the nurnber ofexperiments to be perforrned on each size.

The initial amount of MgO present in the vessel varied according to the amount of

MgCO) added, as weil as the amount lost to dust. A variable amount of 10-25% of the

MgCO) was lost as dust. due to the evolution ofCO=. An average of 17% was lost and no

correlation was found between the amount lc,st and the initial MgCO) particle size

fraction.

The initial height of the MgCI= depended on the amount left from the previous test and

the amount of MgCO) added. Anhydrous MgCI: was added to the reactor to increase the

height and a quartz ladle was used to remove excess MgCI:. These were ooly accurate to

about +/- 0.25" (6 mm). The goal was to have at least an HIT of 1. so a targel heighl of

6.5" (165 mm;:~ used. resulting in most of the initial heights being between 159 mm

and 171 mm. Once the impeller was inserted and the reaclor's lempcrature had

stabilized, it became extremely difficult to adjust any errors. resulting in sorne tests with

slightly higher initial hcights.
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• Impdkr wear and changes in dcctrolyte compositions were additional SOL'rces of

variations oetween experiments. ïhese \'anations were not random in that impdkr wear

progressed steadily (although not linea:!:--) and non-volatile chlorides built up steadily in

the dectrolyte (CaC!,. NaCI. KCI. etc 1. Sincc the order of the expenments was not

randomized as indicated in Tables II and 12. these non-random vmables may have had a

significant impact on the rcliability of the results. More statistically rcliable results

would have been obtaincd using a statistically designed expenmental plan (c.g. Box­

Behnken)" and then randomizing the ordcr in which the experiments were conducted.

7.2 Effcct QfTotal Flow and ParticIc Size

ln order to dctcrrnine the cffcct oi total gas flo\> ratc and partiele sizc on thc chlorinatirn

rate of thc MgO. the rntio of CO/Cl. was maintaincd at III and the total gas now was- - -
increascd from approximately 1 to 6 Llmin (at S.T.P.). in separatc cxpcrimcnts. at an

avcragc of823 °C:.md 1004 R.P.M.. and two separate partielc sizc ranges (106-150) !-lm

and (212-300) !-lm.

A total of 10 experiments were conducted at 5 different gas flow rates (E\:periments 3. 5.

6. 8. 9. 13. 15. 18. 19. and 20) and have been plolted in Figure 36. The reaction rate of

the MgO was found to increase with increasing gas flow rate and was found to be

independant of the size of the MgO partieles. The results in Figure 36 have been

summarized by two correlations one linear and one nvll-linear:

Rate = 0.33 + 1 X 10'" (Q.).

Rate = 5.3 X 10.3(Q.)063.

R~= 0.760

R~ = 0.866

[42]

[43]

•
It is weU known that bubble size increases \~ith increasing gas flow rates. due te

coalescence and the reduction in impeUer power. One would thcrefore assumc that there
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sh,'uld b~ a kss than al" ro"~r rdali'lllship b~t"~~n r~a~til)n rat~ and gas 110". as

d~arly indi~at~J by E<.juatillI1 1':31.

Equations 142) and 1431 indi~at~ that th~ r~action rat~ of lh~ ~lgO incr~:J$~s "ith

incr~J.Sing gas :10\' rat~. This is a furth~r indication that th~ o\"~rall r~action r.lt~ \\'J.S

controlled by a diffusion process taking place al the surface of the gas bubbles.

The rdationship bet"een the reaction rates for the t"o MgO partiele size fractions at each

gas 110" rate. appear to be r:mdom from the data plolled in Figure 36. At sorne gas

injection rates. the smaller size reacted t'aster and at others the larger size reacted t'aster.

Both Q:lta sets arc :ldequ:ltcly described by on,;: correlation. le:lding to the conelusion th:lt

the MgO partiele size hJ.S no imp:lct on the reaction rate.

It should also be noted that if the re:lction rate is independant of the concentration of

MgO (as shown in Section 7.1). then it should also be independant of the physical

properties of the MgO such as: size. porosity. actual and apparent surtàce :rrea. etc..

7.3 Effcct of CO/CI2 Ratio

The bulk of the experimental work presented here. \Vas eonducted \\ith a stoichiometric

mixture of CO and Cl:. The results ofO.V. Prunskov et. al:" (sho\\n in Secùon 2.1.2.2)

suggested that the chlorinaùon of MgO (formed from magnesite) is controlled by the

diffusion of CO through the liquid MgCI: and that an optimum CO/Cl! ratio exists. at

whieh the overall rate of reaetion is ma'timized (shown to be bel\veen 1 and 2 in Figure 5

for a shaft reactor). Five experiments (15. and 30-33) \Vere therefore eonducted at CO/Cl:

ratios bel\veen 0.67 and 1.56. at 824 oC. 1004 R.P.M.. using the (106-150) !J.m partiele

size fraction. in order to determine if such an optimum value existed. Thcsc l\.'Sults are

presented in Figure 37.
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The optimum CO'CI, r.llio Wa~ eakulated tl1 he l,:" l'rom the 1" deri\'ati\e of Equation

[4.+]: howe\'er. gi\'en the few data poin~ and high degree of unc<:rtainty ~hown in the data

in Figure 3i. the only tïrm conclusion which can he reached. is that an optimum COTt,

\'alue exi~t~ and lie~ at a COTI, r.lli,) ~ome\\'hen: hetween l,a: and lAi,

The fact that the optimum ratio is in the CO rich domain and that the reaction rate

decreases \'ery quickly in the CI, rich domain. indicate that the rate of dit1'usion of the CO

gas from the gas bubblcs was the rate controlling stcp in th<' chlorination of MgO in a

stirred tank reactor. Further confirmation \\ill oc gi\'cn in thc follo\\ing section.

7.4 Effect of Diluti(}D with an Inert Gas (NJ

Experimcnts were conducted in order to determine the effect of diluting the CO and CI,

gases with an inen gas (N,). These experiments werc intended to determine whether the

gas interfacial area or the concentration of the reagent g:lSl.'S. has a greater effect <'n the

chlorination rate. If gas surface area has a more significant impact it wouid imply that a

species diffusing from the bulk of the electrol)1e to tl ~ surface of the gas bubbles

controls the rate of chlorination. If the concentration of the Cv and Cl, were more

important then it wouid indicate that diffusion of gas from the gas bubbles into the bulk

of the electrol)1e was rate limiting.

ln the first set of e:-.:periments (15-1 i, 21 and 33). the total gas f10w rate \\";1$ held constant

at an average value of 3759 mUmin. and increasing amounts of N, werc added to a 1f1

mixture of CO and Cl,. at about 823 ·C and 1004 R.P.M. using the (1 06-150)~ particle
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• SIZ~. :\ total of four mixtures ranging From 0% tO 75% N, were tested and the results are

given in Figure 38. The rcaction rate data has been extremcly weil correlated by a Iinear

correlation:

Rate = 0.943 - 0.011 (%N,). R' = 0.942 [45]

•

The average CI, and CO reaction efficiency data have also been correlated as follows:

Efficiency = 66.66 - 0.21 (%N,). R' = 0.605 [46]

In this series of experiments. the gas interfacial area wouId be almost constant. since the

same total gas volume was injected in each experiment. If the rate controIling $lep was

diffusion of a species From the electrolyte to the gas bubbles. it would be e"..pected that

the efficiency of the utilization of the CO and CI, wouId increase, with increasing

dilution. Equations [45] and [46] indicate that both the efficiency and reaction rate fall

with increasing dilution, indicating that diffusion From the bubble into the bulk of the

electrolyte, must be the rate limiting step.

A second series ofexperiments (18-20) were conducted at the same flow rates of CO and

CI" as those used in experiments (16-17 and 21). While the gas flow rates of CO and Cl,

were the same, the total gas flow rates in t.iese second cxl'enments varied from 947-2908

mUmin, since no N, was used. The ratio of the reaction rates of the experiments diluted

with N, and those without N" have been plotted in Figure 39. The graph must have a

ratio of 1, at 0% N, dilution and this point is also shown. A fifth point bas been added,

representing the ratio ofExperiments 4 and 5. Experiment 4 was accidentally conducted

with a fIow of 2827 mUmin of N" being added to a fIow of 3695 mUmin, of a 111

mixture of CO and CI,. Experiment 5 was conducted as a repeat of Experiment 4, but

without N,. These five data points were regressed to give:

RJR., =0.988 - 0.0067 (%N,), R' =0.91 1 [47]
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Equation [47] dearly indicatcs that the reaction ratc fell with respect to the equivalent

flow of undiluted reagent gases. even though the total volume of gas injected was

increased using N=. This is proof that the rate of the chlorination reaetion was controlled

by diffusion from the ",ithin the gas bubbles. to the bulk of the electrolyte. This aIso

cIearly illustrates that under no circumstance would there be any advantage in using a non

reactive gas in the reaction mixture. as is sometimes done in the alurninum industry (see

Section 3.1).

7.5 Effect of!mpeller Speed

The rate of a reaction controlled by diffusion from the gas to the liquid phase. normally

increases at higher impeller speeds. Given that the liquid side mass transfer coefficient

(kJ. is considered to be independant of impeller speedS7 (also implied by Equation

[Br'). the increase in reaction rate. is due to the decrease in bubble size and increase in

gas-liquid interfacial area (see Section 3.2. Equations [I0)-[22)). The reaction rate will

normally increase by greater than the 1~ power of impeller speed. since the un-gassed

impeller power increases to the 3n1 power of speed (as indicated by Equation (24)) and the

gassed power increases proportionately even more (according to Equation (35)) due to the

lower aeration nurnber at higher speed.

Four experiments (22-25) were conducted at four different impeller speeds (609. 804.

1004, and 1156 R.P.M.) to examine this effect, using the (75-106) J.lIIl size fraction. at an

average of 824 oC and using 3695 ml/min ofa 111 CO/Cl= mixture. The results ofthese

experiments are shown in Figure 40.

Figure 40 indicates that the reaction rate increased as the impeller speed was increased

from 609 to 1004 R.PM.; however, it would also appear that somewhere between 1004

and 1156 R.P.M. the reaction rate began to decrease. This result was not e:-.:pected.
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Il was observed during walcr modcling lhal in lhe absencc of gas injcction. lhe impdlcr

was abie 10 draw gas from lhc frccboard of lhe reaclor al high impeller speeds. This

phenomena bcgan at aboul 700 R.P.M. and rapidly incrcascd abo"c 900 R.P.M.. It is

likcly thal al cxtrcmcly high powcr inputs in MgCI, (e.g. 20 kW/m' at 1156 R.P.M.). the

impcIler begins to draw in gas from the freeboard. This gas had a "ery 10'," partial

pressure of CO and consisted mainly of N, (from the purge gas) plus Cl, and CO,. The

mixing of these gases with the new gas being injectcd into the reactor would have an

eITect similar to that alrcady shown for direct dilution with N,. Therefore it is concIuded

that an opùmum power input exists somewhere between 12 and 20 kWlm' (1004-1156

R.P.M.). for this particular reactor.

ln order to obtain a power or linear regression it is necessary to excIude Experiment 23

(at 1156 RP.M. and correspondingly high powcr input as explained above). ùle

remaining results in Figure 41 have been regressed to give the following correlations:

Rate = 0.001 1 (RP.M.) - 0.03. R' = 0.756 [48]

Rate =9 X 10" (R.P.M.)uo. R' =0.693 [49]

7.6 Effect ofTemperature

Normally, reacùons which are diffusion controlled, increase only slowly in rate with

increasing temperature, due to higher diffusivities and are typified by an activation

energy of about 100 kJ/mol'6. A series of five experiments (10-14) were conducted at

temperatures between 743 and 908 ·C, at an average of 1005 RP.M., and 3699 roUmin

(at S.T.P.) ofa 111 rnix"tl1re ofCO and CI,.

The temperature range was constrained by the freezing point (714 ·C") and boiling point

(1318 ·ClS
) of the MgCI,. The practical range was further restricted by the necessity to

maintain sorne degree of superheat and the maintain a very low partial pressure of MgCI,
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to pre\'ent excessi\'e e\'aporation (the \'apour pressure of MgCI, inc~eases rapidly abo\'e

900 "c. reaehing 10 Torr at 934 "C'').

The results ofthese 5 experimcnts are shown in Figure 41 and ha\'e been summarizcd by

a sccond ordcr polynomial regression:

Rate =-4.293 X 10" T' + 0.097 T -53.7. R' =0.955 [50]

Figure 41 indicates that an optimum temperature exists. whieh \\;l! ma'(imize the

chlorinaùon rate. This was an unexpected result. The optimum temperature is 856.6 "C.

based on the 1g derivaùve of Equation [50]; however. given the uncertainty in the data

and the few data points. the only firm conclusion which can be made. is that the rcaction

rate reaches a maximum at sorne temperature between 824 and 908 oC.

The evidence supporting the increase in gas solubility in liquid MgCl, is not extensive'·.

If the solubility of the gases (particularly CO) decreases in the liquid MgCl, at higher

temperatures (as is the ease with most liquids). then the increase in the diffusivity at

elevated temperature, will be off set by a corresponding decrease in the mass lransfer

driving force and could easily explain a decrease in the overaii reacùon rate at very high

temperatures.

A regression was made of the reacùon rates (belWeen 743 oC and 824 oC) with the inverse

of the absolute temperature in order to obtain the activation energy using Arrhenius's

equation as indicated below:

Rate = 7491 e(0803801(RT)), R' = 0.999 [SI]

Equation [SI] indicates that Reaction (14) (the chlorination reaction), had an activation

energy of 80 kJ/mol, with a 95% confidence interval of +1- 30%. This magnitude of

activation energy is typical of a diffusion controlled reaction, as mentioned previously.
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ï.ï EffcctofIron

Iron has been used as a catalyst in another similar chlorination process. as discussed in

Section 2.1.2.1. Two experiments (26 and 27) were conducted where 300 and 600 P.P.M.

of iron \Vere added as ferric chloride (FeC!,). to the bath of Mgel,. to determine if small

amounts of Fe have a catalytic effect on the chlorination rate. The bath of MgCl, had a

background levcl of Fe in the 200-400 P.P.M. range.

The additional Fe added in these two experimcnts resultcd in lcvcls of 444 and 560

rcspectivcly. Ferric chloride is an extremely volatile chloride \\ith a normal boiling point

of 652 oC". The very high vapour pressure of the FeCl, resultcd in a significant loss of

Fe before it could be assimilated into the bath ofMgCl,.

The rcsults for Experiments 26 and 27 are compared in Figure 42 with the result of

Experiment 22. These experiments were conducted using the (75-106) J-lm size fraction.

at an average of824 oC, 1005 R.P.M. and 3699 mUmin. at a III ratio ofCO and Cl,.

The rcsults shown in Figure 42 have been correlated by the follo\\ing equation:

Rate =0.99 - 5 X 10" (p.P.M. Fe), R' =0.839 [52]

According to Equation [52] the MgO reaction rate is negatively impacted by the

concentration of iron. This should not be surprising, given that the Fe increases Cl, mass

transfer and il has already been shown that the rate of reaction is ::ontrolled by the rate of

CO diffusion. The sIight negative correlation may be due to counter diffusion of FeCI3;

however. the correlation between Fe and reaction rate was not statistically significant and

thus no firm conclusion was drawn.
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7.S Overall Correlation

It was decided to summarize as many of the results as possible in the form of an o\"erall

correlation, using rr.uItiple regression and those results in the following ranges:

1) temperature = 820 oC +/- 5 oC.

2) impeller speed =609 to 1006 R.P.M. (10.5-15.6 kW/m').

3) total gas fiows (including N,) from 941 to 6522 mL/min (0.3 cm/S> v, <2.2 cm/s).

4) using aIl particle sizes from 53 to 300 Ilffi. and

5) 0.67> CO/CI, <1.05.

25 experiments were regressed: I. 3-9. 13. 15-22.24-30. and 33. It was necessary to

restrict the ranges. due to the strong curvature in sorne of the data (e.g. relationship with

PcofP0) and this curvature can not be modeled using either a linear or power type

regression. The power regression is the mode! of choice. because it usually provides the

greatest level of physical significance.

The 25 e.'(periments were correlated against the foIIowing independant variables:

1) total gas fiow rate at S.T.P. (QJ

2) ratio ofCO/CI,.

3) partial pressure ofcarbon monoxide (Pco).

4) impelIer spced (N).

5) average MgCO, particle size (~.

6) initial melt height to tank diarneter (H/T) ratio,

7) initial MgO content (wt. % MgO),

8) arnount ofMgC03 fcd, and

9) the initial Fe content.

A multiple non-linear (power) regression was performed using Excel Version 7.0. by

regressing the logarithm ofthe reaction rate, against the logarithm ofthe above variables.
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• ln the initial regression. only those \'ariablcs which wcn: fOllnd tl) bc signiticant at the

90% kvd. using the P value outputtcd by the sotiwarc. wcre retained for further analysis.

Those pararneters found to be signilicant included:

1) N (S").

2) Q, (Llmin.).

3) Pco(atrn.). and

4) MgO (\\t. %).

The four remaining parameters were re-regressed and only those significant at the 95%

level were kept. This included ail four parameters.

Rate = 0.0166 NI.1S Q,o", (Pco)'" MgOo.,.

The results ofthis are given below:

R: =0.784 [53]

•

The 95% confidence intervals for the exponents are as fo11ows:

low hioh
'"

1) N 0.25 2.11

2) Q, 0.34 0.78

3) Pco 0.82 1.45

4) MgO 0.03 0.93

The e:-.:perimentai results are p10tted as a function of the regression parameter

(N1.I8 Q,o,so (Pco)··'J MgOO.4S) in Figure 43.

When Equation [53] was used in conjunction with Equation [51] it was possible to

estimate the reaction rate at temperatures'between 743 and 824 oC.

Equation [53] predicted the experimentai rates to within + or - 44%. with 95% confidence

and while this is not as good a correlation as was desired. it represents the only

information in the public domain regarding this reaction conducted in a stirred tank

reactor.
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Th.: w'::lk ':c'rrd:ltion of th.: r'::lctinn r.lt.: with th.: inilial quantil: nI' \I~O :Incl the

ind.:p.:nd.:nc.: of th.: r'::lctinn r.lt.: with th.: r.:sidua' quantit: <II' \I~O :llt.:r tim.: z.:w.

sugg.:st.:d th:lt th.: initial quantity of :'lgO was substituting fnr :In unmc;l.'urccl par.lmctcr.

It is proposcd that th.: unm.:asurcd paramctcr is an impurit: ;l.,sociat.:d with thc \lgO

(csscntially thc sourcc of ail thc impuritics in thc systcm 1. Th.: initial con.:cntr.ltion <'f

this impurity. would havc incrcascd with incr.:asing ;'\lgO cont.:nt and must ha,·c had a

positive impact on the rcaction ratc. Ifthis hypothctical catalyst cxists. this could hav.: a

dramatic impact on the economics of a chlorination process using a stirred tank reactor.

Given that the reaction rate is detcrrnined by the mass translcr of CO into the MgCl,. it is

further assumed that the hypothetical impurity enhances the mass transfer of CO. by

incrcasing its solubility in the MgCl~ and thercby incn:ases the rate of the chlorination

rcaction. Nickel is an obvious candidate. based on its proven ability to complex with CO.

It is thercfore recommended that if these experiments are ever repeated. reagent grade

MgO should be used in conjunction with a varie~' of metals (including nickel). to

deterrnine which metal if any. has a catalytic eflèct on the rcaction rate.

An equation using P/YI (kW/m3
) and v, (crnls) is of more use than Equation [53] in the

scale-up of a chlorination system. based upon a stirred tank rcactor. Taking a power

number of2.76 (from Section 6.1) and using Equations [24] and [36]. it was possible to

calculate the P/y, for each combination of gas injection rate and impeller speed in these

experiments. When this was done and the data was re-regressed. the follo\\ing equation

\Vas obtained:

Rate=0.321(P/y,)"-" (v,f'" (Pco)'" (MgO)o.••• +1- 44%. R:=0.781 [54]

The 95% confidence intervals for the various e.'(ponents are:

low high

I) (P/y,) 0.07 O.~

2) (v,) 0.40 0.88

3) (Peo) 0.82 1.46

• 4) (MgO) 0.04 0.92
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The exponents of (P[V,) in Equation [54] \Vere compared \Vith those in the literature. (sec

Section 3.2); however. the literature values varied glcatly and the poss:ùlc range of values

as indicated by the 95% confidence intervals given above. \Vere 100 large to make a

comparison meaningful.
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Chapter 8 Discussion

Thc results prcscnted in Chapter 7 can be used to design gcomctrically similar industrial

scale. continuous reactors. Thc ultimate limitation on thc sizc of the reactor is probabJy

the length of shaft which can be practically produced from commercial grades of

graphite. based on available sizes and mechanical properties. The maximum practical

size for a unit cell. is about 1 m in depth (and width). given that the maximum length of

commercial graphite available to produce impeller shafts. is about 6' (1.83m)".

A full scale plant based on this technology. would require either many small reactors. or

more practically. a series of large reactors. each with many rotary injectors. A square

reactor can be produced based on a cellular approach. as shown in Figure 44. The reactor

would be fed with calcined magnesite (MgO) to remove the thermal burden trom the

reactor and prevent the introduction ofexcess CO! gas into the reactor. Feeding would be

through graphite tubes and rectangular graphite electrodes would be used as baffles on­

line and to make up for heat lost during down time. A multiple of3 electrodes is required

to use 3-phase AC heating. A refractory lined steel shell would be used to contain the

magnesium chloride bath. The type of refractory used would have to be optimized to

prevent chlorination of the refractory or contamination of the MgCI2• The sheU would

probably require cathodic protection to prevent corrosion by chlorine gas.

ln Figure 44. each cell would he assumed to act as a single CSTR. There is no Joss in

efficiency or conversion using the reactor design shown in Figure 44. given that the reaction

has been shown to be independant of the MgO concentration (cascading the reactors is not

required). Gas utilization efficiencies and reaction rates will he the same at 0.5% MgO as at

5% MgO (as shown in Figure 34) and the reactor can therefore operate at a steady state value

of 0.5% MgO or less. A small polishing section. operating with less MgO (as Iinle as 0.1%)

may he required depending on the type of electrolysis cell chosen (sec Table 3 and Figure 3).

The polishing section would also serve to volatilize unwanted impurities such as Fe.
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The impaet of the dependaney of the reactÎon rate on the initial MgO. mUSl be further

investigated in order to accuratcly predict behavior on scale-up. It will be possible to

optimize the rcaction rate. if the impurity respo::sible for this behavior is identified:

however. for the purposes of discussion. Equation [54] v-ill bc evaluated using the

average initial MgO (4.02%) of the 25 cxperiments used to derive the equation:

Rate = 0.609 (P,/Vl';' (v;;o,.. (Pco)!." [55]

Care must be taken in applying Equation [55]. since it is bounded in ~everal ways. The

possible combinations of gas injection rate and power per unit volume are restricted by

flooding at low power and surface aeration at high power. The rate is also restricted by

gas efficiency, which obviously can not exceed 100% for either CO or Cl~ (i.e. very high

P'/vi and Vs can not incrcase the gas rcaction efficiency to more than 100%).

If the goal of the scale-up is to achieve a constant volumetric rcaction rate, then obviously

the simplest way ofachieving this is to maintain a constant P'/vI' Vs' and Pco (as indicated

by Equation [55]). It is also logical to assume that the same volume of gas mU be

injected per liquid volume (QN1). Unfortunately, the surface arca of the vessel incrcases

to T~, while volume incrcases to T3
, 50 Vs incrcases with a !inear scale-up. Therefore, to

achieve the same rcaction efficiency, P,/VI must decrcase by reducing the impeUer speed

(it is normal for P,/VI to decrcase on scale-up); however, it is important to respect the

limits of flooding (Equation [26]) and to suspend the largest (300 f.Ull) particles (Equation

[29]).

The simplest way to deai mth the actuaI complexity of scale-up is to use a commercial

software package, such as Th Solver Version 2.0, to simuitaneously solve the appropriate

equations presented in Chapters 3.0, 6.0, 7.0 and 8.0. Using Th Solver, mth T=1.0 m,

Temperature =856.6 oC, and CO/CI~ = 1.24 and using the design shown in Figure 44, 9

chlorinators could produce 20,000 mtpy of magnesium, at a rcaetion rate of 1.0 mol/Llh

and 90% chlorine rcaction efficiency (see Appendix C for details).
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Chapter 9 Conclusions

9.1 Conclusions - Experimental Part 1

ln MOLTEN MgCl~ the impeller power number was found to be 2.76 ± 10% at impeller

Reynolds numbers above 70,000.

Gassed impeller power in MOLTEN MgCl~ was corre1ated by the following cquations:

p/P0 = 0.452 (QIND3)"".21 R~ = 0.885 [35]

P/Po = 0.922 - 1.444 (QIND3
) R~ =0.893 [36]

The exponent in Equation [35] will be influenced by the exact impeller/tank geometry

used: however. the magnitude of the exponent in Equation [35] does fall \vithin the

published range (-0.22 to _0.3860
•
68

) for flat six blade turbines.

The gas dispersion pattern was found to be in the gross rccirculation bubble regime.

9.2 Conclusions - Experimental Part II

Magnesite can be chiorinated in a STIRRED slurry reactor, using chlorine and carbon

monoxide, onder conditions, which can be rcproduced on the industrial scaie.

The chiorination rate of the MgO forrned from magnesite was found to be independant of

the MgO concentration present in the reactor (or Zero order \vith respect to the

concentration of MgO).
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(mollLlh or kgmoIlm'!h). R' = 0.760 [42]

(mollLlh or kgmolfm'Ih). R' = 0.866 [43]

• The reaction rate was found to increase with incrcasing gas injection rate according to the

following empirical correlations:

Rate =0.33 + 1 X 10-1 (Q,),

Rate =5.3 X 10" (Q,)"6'.

The reaction rate was found to be independant of the MgO particle size.

The chlorination rate increased with increasing levels of CO according to the folIr-wing

empirieal correlation:

Rate = -2.1 (PCc!PCl,)' + 5.2 (Pec!PCl,) - 2.13. R' = 0.897 [44]

The optimum CafCl, ratio was found to be between 1.02 and 1.47 and \Vas estimated to

be 1.24 from Equation [44].

The rate limiting step in the chlorination of magnesite in a slurry reactor \Vas found to he

CO mass transfer from the gas to the liquid phase.

The addition of an inert gas such as N,. was found to decrease the rate of the reaction as

indicated below:

Rate = 0.943 - 0.011 (%N,).

~IR. = 0.988 - 0.0067 (%N,).

R'=0.942

R' = 0.911

[45]

[47]

Impeller speed was found to increase the rate of the chlorination reaction up to a

maximum located between 12 and 20 kWfm'. after which the rate was found to decrease

(probably due to surface aeration). Bet\veen 600-1004 R.P.M. the following empirical

correlations were obtained:

•
Rate = 0.0011 (R.P.M.) - 0.03.

Rate = 9 X 10.5 (R.P.M.)'.3o.

R' = 0.756

R' = 0.693
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The reaclion rate \Vas found to increase al higher lemperatures. unlil a ma'(imum located

belween 824 and 908 oC was reached. The ma'(imum raIe \Vas estimaled 10 be at 856.6 oC

from lhe following cmpirical correlation:

Rate =-4.293 X 10" T' + 0.097 T -53.7. R' =0.955 [50]

Thc rcaction ratc \Vas correlated using an Arrhenius relationship between 743 and 824 oC:

Rate = 7491 e(.s038of(Rn). R' = 0.999 [51]

with an activaIion energy of 80 kJ/mol. which is typical ofa diffusion controlled reaction.

Iron was found to have ne significant effeet on the reaction rate at levels up to 560 P.P.M.

Fe.

An overall correlation was obtained which related rcaction rate with impeller power.

superficial gas velocity and the partial pressure of CO:

Rate = 0.609 cP;Vl·3S (V;)"-64 (PCO)1.I4 [55]

Using the overall correlation it was estimated that 9 chlorination reactors each containing

16 impellers (0.48 m in diameter) would he suffieient to produee 20,000 mtpy of

magnesium.
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Chapter 10 Recommendations for Future Work

In order to obtain more aeeurate mixing power and power number data. an impeller of at

lcast 6" or O.15m. should be used in any future work.

Gas hold-up was not adequatcly determined during these expcriments and should be

further investigated using a largcr reaetor with better aeecss for measurement.

It was hypothesized that an impurity was present in thc MgO. whieh positively affeeted

the rate of CO mass transfer. Experiments using pure MgClo' reagent grade MgO and

various potential catalytic metaIs (e.g. Ni). should be eonduetcd to verify this hypothesis

and quanti!)' the cffee!.

To eliminate the cITeet of segregation within a sarnplc. whole pin tube sarnples should be

analysed.

The homogeneity of the MgO suspended within the reactor should be verified during any

future test program and multiple sarnpIes should probably be used to oblain a good

average assay from which the reaetion rate can be eomputed.

In order to minirnize the uneertainty in the caiculated reaetion rates. sarnpIing frequeney

should be increased for those experiments expected to react quickly.

A randomized statisticaily designed experimentaI plan (e.g. Box-BehnkenBS
) should be

used to oblain the most statisticaiIy significant results in the Ieast number ofe:-.:periments.
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Appendix A - List of 8uppliers

Supplier Item Address Phone Fnx
A.P. Green G·26, G-28 Fireelay Drick 514·493·4·100
Anaehemia FeCl, 5002'· Ave., SI. Pierre, Q.C. 514·489·5711

Daymag Magnesile 800, 10655 Soulh Port Rd., S.W., Calgary, Alberta 403-271-9400
Canadian TIlermix EF 444 Crueibles 20 Induslrial Parkway N, Unil2A ,Aurora, ON 416·841-6633

Cole Pamler Mac 14 Daia Logger 7425 North Oak Park Ave., Niles, IL. 800-323-4340 708-5·19·1700
M.D.S. Seal Masler NPI6 C Dearings 500 rue Hodge, Monlreal, Q.C. 514-748-8383 514-748·1575
M.D.S. TL 18 ,H200, timing pulley 500 rue Hodge, Monlreal, Q.C. 514·748-8383 51·)·748·1575
M.D.S. TL 36 ,H200, timing pulley 500 rue Hodge, Monlreal, Q.C. 514-748·8383 514·748-1575
M.o.S. 2", "66, H200, timing beU 500 rue Hodge, MOnlreal, Q.C. 514·748·8383 51·)·748·1575
M.D.S. SK, 1" Dushing, QD 500 rue Hodge, Monlreal, Q.C. 51·1·748·8383 514·7·)8·1575
M.o.S. 1215,7/8", Dushing, QD 500 rue Hodge, Monlreal, Q.C. 514·748·8383 51·1·748·1575

M.E.G.S. H.P. Chlorine 5601 Chemin. SI. Francois, SI. Laurenl Q.c. 514·956·7503 514·956·750·)
M.P.D. Quartz Ladies 1725 N. Service Rd., T.C., Dorval, Q.C. 514·694·8751 514·695·7492

Medigaz Carbon Monoxide, Type K, C.P. 4830 rue COllrsers, SI. Lallrent, Q.C. 514·337-3854 514-337·3295
Grade

Medigaz Liqllid Nilrogen, 225 P.S.L 4830 rue COllrsers, SI. l.aurenl, Q.c. 514-337·3854 514-337·3295
Omega CN 9000 Temp. Conlrol. One Omega Dr., Dox 4047, Slamford, Connectic III 800·826·6342
Omega D.P.F.60 RaIe Meler One Omega Dr., Dox 4047, Slamford, Conneclicllt 800·826·6342

R.D.C. Controle Type K Thermocouples, 118" X 61 00111. de la Seigneurie, OIainville, Q.C. 514-434·0216 514·434·0219
24" SS Shealh

Raycon, Les Conlroles Deublin Rolary Union, Model 2890 Sabollrin, SI. Lallrenl, Q.C. 514·334-0931
"1102070081

S.T.A.S. Drive Shan and Coupling 1846 rue Oularde, ChicOillimi, Q.C. 418·696-1951 418-696·1951
Speer Carbon 890·S Graphile 3200 Sartelon SI., SI. Lallrent, Q.C. 514·332-9602 514·332-5232

UCAR ATJ Graphile 123 Eglinlon Ave, E., Toronlo, On 416·488-1444 416"188·1937
UCAR C·34 Graphite Cement 123 Eglinlon Ave, E., Toronlo, On 416·488·1444 416-488·1937

Williarns+Wilson Fibre Frax Dlankel1J3oard 514-939- 1300
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• Appendix B - Analysis of the Variance of Experimental Data

Duplicate star! samples \Vcre taken prior to beginning each experiment. A laboratory
analysis \Vas perforrned on each. Duplicate assays \Vere also perforrned on one sarnple
from each test. This duplicate assay was not necessarily perforrned on a star! sarnple.

Each pair of sarnples was averaged and the absolute and percentage difference of the two
samples tTom the mean was calculated as shown beIow:

Sample 1: 5% MgO. Sample 2: 4% MgO
Average: 4.5% MgO. Difference 0.5% MgO. % Difference Il.1 %

The various assays arc given in Table B.1.

Plots were made of the absolute and percentage difference of the duplicate sarnples
(Figure B.1 ) and dup1icate assays (Figure B.2).

ldeally. the errors should be randomly distributed with respect to the average MgO assay.
In Figure B.1. it would appear that both the percentage and absolute error increases at the
higher levels of MgO; however. the percentage error is more random. In Figure B.2. it is
clear that the percentage error is random. .vhile the absolute error increases at higher
levels of MgO. lt is therefore concludcd that the percentage error is more representative
of the actual accuracy of the data and that only the variances in the percentage errors can
be used to compare the magnitudes of the sources ofvariance (sarnpling + analysis).

The total variance (sarnpling + anaIysis) has been calculated to be:
S2 -1?8?-S2 +S2fOCal - - -- - samplinil; mJl!"SÏs

and the analysis variance has been calculated to be:
S\..I>';. = 20.7
therefore:
S2....Plin• =128.7-20.7 =107.5
and:
S2....Plin.' S2'0101 = 107.5 /128.2· 100% =84%.

[B.1]

•

Therefore. approximately 84% of the total variance in the data is due to sarnpling and
16% is due to anaIysis. The 95% confidence intervals for the total can be calculated from
the degrees offreedom (31) and the total standard deviation:
S''''I = (l28.7t.5 = 11.3 %.

From the student"s T distribution at the 95% confidence level. the limits are:
+/- 2.04 • 11.3 % = +/- 23.1 %.
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:\ppcndix C - Rcactor Dcsi~n Equations

RULE SHEET
S Rule

QCO=QCI2*1.24
Qt=QCI2+QCO
Q=Qt*CTernp+273.15)/273.15
p=C(1.976-0.302*.001*CTernp+273.15»)*1000)*(1-X/100)+X/100*1000*3.5S
O=0.4S*T
PO=Np*p*NA3*O'5/1000
Na=Q/N/OA3
Pg/Po=(0.922-1.444*(Na))
vt=TA 3
a=TA2
vs=Q/a*lOO
PV=Pg/VI
VI=Vt*(l-E)
Tf=(7~91*expC-S03S0/S.314/CTernp+273.15))/C7491*expC-SO3S0/S.314/CS23+273.15))

PCO=QCO/CQCO+QC12)
R=0.609*CPg/VI)'0.35*vsAO.64*PCO'1.14*Tf
Production=R*VI*24.30S*24*36S*.9/1000
Prodtotal=n*Production*13
MgC03=Prodtotal*(40.30S+44)/24.30S/.9
Eff=R/60/60*Vl/(QC12/22.4)*100
u=0.204*exp(19361/S.314/(Temp+273.1S))/1000
v=u/p
pl=C1.976-0.302/1000*CTemp+273.1S))*lOOO
Nj=s*vAO.l*dAO.2*(g*(ps-pl/1000)/(pl/lOOO))AO.4S*XAO.13/OAO.SS
Q/NfloodA3/0A 3=30*(0/T)A3.S*0/g

124



•

•

VARIABLE SHEET
St Input-- Name--- output-- Unit Comment

1 T m Reactor Diameter
a 1 m..... 2 Tank Area
D .48 m Impeller Diameter
Vt 1 m'3 Total Reactor Volume
VI .904 m'3 Liquid Volume

856.6 Temp Deg C Reactor Temperature Deg C
N 117.31595 min ..... -l Impeller Speed
Nflood 100.18382 min ....-l Speed to Just Flood
Nj 102.61369 min ....-l Speed to Just Suspend Solids
QC12 374.99259 L/min C12 Gas Flow at S.T.P.
QCO 464.99081 L/min CO Gas Flow at S.T.P.
PCO •55357143 atm • CO Partial Pressure
Qt 839.98341 L/min Total Gas Flow at S.T.P.
Q 3474.1763 L/rnin Gas Flow at reactor temperature
vs 5.7902938 om/s Superficial Gas velocity
Na .26777565 Aeration Number

.096 E Fractional Gas Hold-up

.0003 d m Diameter of Solids
3.58 ps g/cc Density of Solids
5 X fraction weight ~action of Solids
90 Eff % Chlorine Reaction Efficiency
2.76 Np Power Numl:>er

Po .91054057 kW Un-gassed Mixing Power
Pg .48744146 kW Gassed Mixing Power
PV .53920516 kW/m'3 Power Per Unit Volume
pl 1634.8155 kg/m'3 MgCl~ Liquid Density
p 1732.0747 kq/m'3 Slurry Density
v 9.2526E-7 m'2/s Kinematic Viscosity
u .00160262 PaS Viscosity in PaS
Tf 1.2999374 Temp Correction Factor

1 R kqmol/m'3 Reaction Rate
Product 173.22504 mtpy Magnesium Production Per Impeller

20000 Prodtot mtpy Total Magnesium production
n 8.8812884 Numl:>er of Chlorinators
MqC03 77080.619 mtpy MgC03 consumption

9.81 q m/s'2 Gravity
5 S Geometrie Parameter
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