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ABSmCT 
Tliis thesis reports a literature survey and investigation of the 

chlorination of rutile in the presence of carbon under fluid bed conditions. 

Exx:>eriments on the developnent of a suitable chlorination apparatus, the 

determination of the optimum reaction conditions and investigation of the 

mechanism of the chlorination reaction are described. 

It has been shown that the fluid bed chlorination is eminently suited to 
the production of titanium tetrachJ.oride giving complete conversion of the 
chlorine feed and very high production rates. Calculations based on 
experimental results and thermodynamic data show th^t at optimvim operating 
temperature (900^) a furnace would be fully autothermic for reaction bed 
volumes greater than 0.2 ft^, having an output of 150 lb. of titanim 
tetrachloride per hour per cubic foot of bed volume© Tlie optimum conditions 
for fluid bed chlorination and the design of a suitable fuimace are detailed*, 

Investigation of the reaction mechanism has shovv-n that both the oxides of 
carbon are formed, and that solid carbon must be present in the bed if high 
reaction rates are to be achieved. 

The energy of activation hs-s been determined at 20 cal/gm.mol. The 
reaction is of fractional (0«6) apparent order with respect to chlorine, is 
autocatalysed by titanium tetrachloride and uneffected by concentrations of 
carbon monoxide and carbon dioxide. A possible reaction mechanism, has been 
postulated* 



CHAPTER I 
Introduction 

When a stream of fluid is passed upwaurds througja a bed of finely 
divided solids at such a rate that all particles are separated from one 
another ajid are free to move about, the bed is said to be fli-iidized. 
Such a bed of solids possesses certain well defined characteristics, which 
make fluidization particulaxly useful in operation in which it is necessaiy 
to contact or react gases and solids» These advantages are:-
(a) The bed is maintained in violent motion, resulting in excellent 

mixing and uniform composition throughout. 
(b) The bed temperatiore is unifom, very small temperature gradients 

occuring between the walls and centre, and top and bottom of the 
bed. 

(c) Heat transfer between a wall, and a fluid bed is much greater than 
between a wall and a gas. 

at 
(d) Very fine solids fluidize/a low flow rate. This makes it easy 

and economical to produce fluid beds with high specific siirfaces, 
resulting in high reaction rates for hetrogeneous reactions. 

(e) The fluid properties of the bed allow solid materials Y^en fluidized 
to be handled in a manner similar to a liquid, that is, to be run 
through pipes and to be controlled by valves, thus mailing for 
simplicity in continuous operation. 

This process then has obvious advantages in the preparation of 
volatile anhydrous metal chlorides, particularly in those cases such as 
the chlorination of Eutile, Ilmenite, Aluminium Oxide etc., in which it 
is necessary to use caibon as a inducing agent to remove oxygen. For these 
the fluid bed technique, as well as insuring good temperature control and 
flexible plant operation, would also insult uniform bed compositions. 

In this project it was proposed initially to investigate the 



Ohlorination of rutile, with the vievr of establishing optimum conditions for 
the commercial operation under fluid bed conditions and then to extend the 
WDifc to the chlorination of rijnenite. Bauxite, and Zircon^ As the work on 
the clilorination of rutile proceeded, it was decided however to limit the 

to 
project/this clilorination and to endeavour to elucidate the reaction 
mechanism* 

Titanium tetra-chloride was first prepared in 1825 by Geoi::ge and later 
by Dumas, Wohler, Pierre, Merz and Damaraay (1)» These early workers 
reacted chlorine at an elevated ten^rature with a variety of titanifeixjus 
materials including the relativity pure metal, alloys, cajcbides, cyanonitiide, 
dioxide and ores* When oxygen containing materials were used, a caibonaceous 
reduciLig agent was aided to the ciiarge to absoit) oxygen, or a reducing gas 
(e.g. caibon monoxide) was passed in with the chlorine, (2)» Carbon 
tetr^hloride, clilorofom, and liulphur chloride have also been used in the 
chloilnation of the dioxide* 

Since I9OO, references to the preparation of titanium tetrachloride by 
chlorination of the rutile and ilmenite ores and titanium dioxide pigment have 
been confined largely to the patent literature, and to work published in the 
U.S.SoR. by a team headed by Pamfilov, and in Australia by McTaggart* 

In the reaction of chlorine with titanium dioxide, the reaction 
TiOa + 2Cl2 aw-.- TiCl^ + O2 

does not take place readily, other than at high temperatures, A 
reducing agent, such as carbon or caibon monoxide is therefore introduced to 
take up oxygen and piwent reversal of the reaction* Under these conditions 
the chlorination may be carried out at lower temperatures and at hi^er 



h. 
reaction rates. 

The usual conmeicial practice in the chlortnation of the ore or the 
pigment has been to form the materials into "briquettes, in which the solid 
reducing agent is incorporated̂  Olhis id done to facilate ease of handling 
of the materials, to prevent choking of the furnace and dust carxy over and 
to "bring the reducing agent into intimate contact with the titanium bearing 
material. In the fluid bed process materials in the particle size range of 
1CX) to 150 mesh are blended by mixing, and the mixture of solids chaî ged to 
the reactor in which the bed so fomed, 3s fluidized by the chlorine feed. 
Under the conditions of fluidization the bed con^sition is then held uniform 
throughout o 

In order to evaluate the worth of the fluid bed chlorination process 
for conmercial operation, it is necessary to know the optiraura condition under 
which the reaction occurs, the clmracteristics of the fluid bed -under reaction 
conditions, and the heat requirements of the reactor, while a general 
understanding of the process is advanced by a knowledge of the reaction 
meohanismo To determine the optimum conditions of the reaction, the effects 
on reaction rate of bed depth, chlorine feed rate, temperature, particle size 
of the constituents and the ratio of catrbon to rutile in the bed were 
investigated, noting at the same time the composition of the tail gases and 
the characteristics of the bed. 

* •— -

Publislied work has thrown very little light on the mechanism occuring 
in the chlorination. It is, in some cases, contradictory, and does not 
suggest ai\7 mechanism which can account for the high leaction rates obtained 
in a complex hetrogeneous system involving reaction between a gas and two 



solids® To elucidate this mechanism the effects on the reaction mte of 

variation of the partial pressures of chlorine, cajA>on dioxide, caiiaon 

monoxide, and titanium tetrachloride, were detennined, Chlorinations were 

also carried out in the ahsence of arQT reducing agent, and using cait>on 

monoxide instead of cajA)on as the reducing agent. The results of these 

experiments together with those from the experiments carried out on 

optimum conditions of chlorination were then correlated and a reaction 

mechanism deduced. 



C E ^ E R n 

Survey of the L i t e r a tu r e of Titaniimi Tetrachlor ide 

Hiysical Proper t ies of Titanium Tetrachlor ide 

Molecular Y/eight: i89«73 

Form: Colourless to l i g h t yellovr l i q u i d 

Refiractive Index: 1«61 

Specif ic Gravity: 1.726 

Melting Po in t : - 2 3 ^ 

Boiling Po in t : I 3 6 0 W 

Chemical P roper t i e s of Titanium Tetrachloride 

Titanium te t r ach lo r ide dissolves i n cold v/ater to f o m c l e a r so lu t ions , 

ViThich are hydrolysed readi ly to f o m a ser ies of bas ic chlor ides• 

T3£;i3 (OH), TiCl2, (0H)2, TiCl (OU)^ and f i n a l l y Ti (OH)^. Hydrolysis 

may "be prevented "by the presence of laydrochloric a c i d . 

The l i q u i d t e t r ach lo r ide fumes in moist a i r , react ing v;ith water to 

give the bas ic chlorides mentioned above» 

A solut ion of titanium t e t r ach lo r ide in ethanol forns an insoluble Y^iite 

addi t ion compound with hydrogen peroxide® 

Titanium te t rach lor ide reac t s v/ith powdered antimony and s i l v e r , and 

with hydrogen to f o m the t r i c h l o r i d e . Reduction vdth sodium ainalgan f o m s 

the dichloride® 

Titanium te t rach lo r ide r eac t s vath molten magnesium i n the absence of 

oxygen to f o m ti tanium metal and magnesium chloride® 



TiJ3l4 + 2Mg ^̂ sssK T i + 2Mg CI2 

ViTith l i q u i d hydrogen s u l p h i d e t h e t e t r a c h l o r i d e r e a c t s t o fo im a 

compound TiCl^^ 2H2S. 

Ti tan ium d iox ide may be fonned d l r e o t l y from t h e t e t r a c h l o r i d e "by 

areaction Ydth oxygen a t 1 0 0 0 ^ \rfien t h e r e a c t i o n 

T i Cl2^ + O2 Ti02 + 2CI2 

t a k e s p l a c e • The d iox ide may a l s o be formed d i r e c t l y by vapour phase 

h y d r o l y s i s a t 300® - hOO^^ 

T i CI4 + 2H2O Ti02 + 2»H31 

Ti tanium t e t r a c h l o r i d e r e a c t s wi th a l c a h o l s t o form t i t a n a t e e s t e r s . 

-

Uses of Ti tanium T e t r a c h l o r i d e 

Titanium t e t r a c h l o r i d e f i n d s i t s major a p p l i c a t i o n as a raw m a t e r i a l 

f o r t h e p roduc t ion of t i t an ium m e t a l , y e a r l y be ing used i n l a r g e r tonnages 

i n t h e new j e t a v i a t i o n age, by t h e K r o l l , oc s i m i l a r p roces s , acco rd ing t o 

t h e reac t ion^ 

Tii3l4 + 2Mg T i + 2Mg CI2 

These processes a r e a t p r e s e n t t h e most i n ^ r t a n t methods of 

p r e p a r a t i o n of t h e metal» 

Ti tanium dioxide pigment may a l s o be p repared by the rmal s p l i t t i n g of 

the t e t r a c h l o r i d e wi th oxygen a t lOOQOC accord ing t o t h e i n a c t i o n 

T i 5 l 4 + O2 is— Ti02 + 2CI2 



This product has mai^ advantages conipared with that from the sulphate 
process, and will, it is e3q5eoted, be increasingly used in new plants• 

Titanium tetrachloride also finds application in the preparation of 
seed rutile crystals lased in the manufacture of the pigment by the sulphate 
process. This seed ciystal is prepared by controlled hyarolysis of the 
tetrachloride, followed by heating at the transition point of the oxides, to 
convert anastsLse to the rutile form. It is necessary to use a seed ciystal 
in the sulphate process to obtain a suitable pix)daot» 

During the last few years titano-organic coiiq?o\inds such as butyl 
titanate and other titanium esters pcrepared from the tetrachloride have 
found application in the field of heat resistant and anti fowling paints. 

Titanium tetrachloride has also found application as a smoke screen 
material for military application. This application has absorbed large 
quantities of the material in times of war© 

Titanium Dioxide and Rutile Chlorination 
Titanium tetrachloride has been prepared by chlorination of both pigment 

titanium dioxide and arutile ore containing up to ten percent of iron and other 
impurities. The usual conmercial practice in the chlorination of the ore or 
pigment is to form the material into briquettes, to facilitate ease of handling, 
and to prevent choking of the furnace and dust cariyover. When a solid 
reducing agent is used this material is also incorporated in the briquette. 

Briq\xettinĵ  Processes 
The term "briquetting" is used to designate the formation of hard 



aggregates of the mixture to be chlorinated, independant of the means 

employed to accomplish this end« Thus the process may be carried out by 

machine, or press, or simply by rolling into balls by hand# The briquette 

should have sufficient mechanical strength to withstand handling and 

breakdown in the furnace, and stifficient porosity to allovv chlorine 

penetration^ 

McTaggart (5) describes a method of briquette formating using binders 

follo^ved by pressure. Agents such as starch solution, ajid solutions of 

sugar, dextix)3e, dextrin and molasses etc. may be used as bonding agents, 

•wfoile pressures between 200 and 6OOO pounds per sq. inch are used. This 

"worker reports excellent briquette formed -with starch solution at 4OOO 

p.s.i. and molasses solution at 200 p.s.i. 

McTaggart also reports another method of briquette foimation. This 

method involved the mixing of the mixture to be chlorinated with a crude 

tar to give a thick pasty mass. This mass is spread on an iron tray making 

a layer one half inch to three quarters of an inch in thickness, and then 

heated strongly beneath. When gajses were evolved from the tany mass these 

were ignited, and when all volatile matter had burned off, and mass was 

allowed to cool, broken into smtably sized lumps, and ignited out of contact 

with air at six to seven hundred degrees centrigrade. The product was a hard, 

quite stomg, and very porous coke-like material. Results of chlorination 

carried out showed briquette fomed by the latter process to be slightly 

inferior to the starch bonded type. 



Bamfilov (3) foimed "briquettes "by bonding a mixture of giound ore and 

charcoal with biroh tar, e:nd coking f i r s t at hOO^ - m t i l a l l volati le 

matter had been driven o f f , and then at 800^ - 850^ for two hottrs. A 

porous product allo\'9ing penetration of chlorine "was obtained (6) by coking 

at a red heat a briquetted mixture of titanium dioxide and peat or sawdust. 

Muskat and Taylor (?) reported the fonsation of briquettes having the desired 

properties, by mixing various proportions of finely groiind ore and carbon with 

molasses. This mixture was formed into briquettes and baked at 2|JOÔ  to 

remove volatile hydrocarbons. 

Of the methods of briquetting to Tfriiich reference was available, that 

described by McTaggart, in which tar was burned off , would sean to be the 

most economical. 

Bamfilov (3) reports no difference in reaction rate for clilorination of 

briquettes and of utibriquetted mixture contained in boats. However, as the 

latter charge was dried in adr at a ten^rature of three to four hundred 

degrees centigrade, resulting in b\iming some carbon in the cliarge, his resiolts 

cannot be taken as conclusive. The formation of briquettes must have a 

definite effect upon the reaction velocity, this being a function of the 

surfajce area of both carbon and titaniijm dioxide exposed to reaction with 

chlorine. Briquetting which does not allow for entry of chlorine, either by 

non?-porosity or by deposition of a surface layer of carbon on titaniian dioxide 

particles during coking, will decrease the velocity of the chlorination. I t 

would also seem to be possible that the initiation of the chlorination may be 

facilitated by the coking process, by formation of active centres on the 

dioxide by reduction by the hydrocarbon. 



Tgnperature of Chlorination 

Kangro aiid Jahn (8) repoirt that a temperature of at least e i ^ t hundred 

degrees centigrade is required to achieve a one percent yield per hovir from 

the reaction 

Ti02 + 2012 TdJ3l4 + O2 

•wdiile i t is reported (9) in work on the chlorination of ilmenite in the 

a33sence of a reducirig agent, that the reaction of the titanium compound "begins 

at 815^. 

Dumas (I) described the reaction of chlorine with titanium dioxide and 

cai^on to give titanium tetrachloride according to the reaction 

Ti02 + 20 + 2OI2 ^ ^ TiCl̂ ^ + 200 

vAien heated to a red heat« Watt and Bell state that titanium tetrachloride 

may be formed by psissing carbon tetrachloride over the dioxide heated to 

bright redness. Barton (IO) patented the production of titanium tetrachloride 

by the reaction of chlorine at 650^ vd.th the clir^ker f omed by coldjig a 

mixture of titanium dioxide and soft coal« 

Pamfilov and Shtandel (3) report a chlorination of pure titanium dioxide 

and carbon of one hour duration, in viblch chlorine was passed at two litres 

per hour, giving the following results: 

Temperature ^ % TiO^ Ohlorinated 

i*20 3.3 
490 42.7 

580 83̂ 69 

indicating that the reaction commences at approximately These workers 

claim that addition of of Manganese dioxide calaJyses the chlorination, 

reducii3g the most favourable temperature for optimum yields from above 



500^; to Addition of more catalyst produces no further effect • In 

these experiments percentage chlorination ms plotted against temperatia:̂ e» 

With added manganese dioxide a maximum is shown at ahout In the series 

of experiments without added manganese dioxide, chlorination was carried out 

up to only no flattening of the curves being reached^ Doubt is cast 

on these results by later work by Bamfilov and Chikher (4) 9 "who state that the 

maximum yield occurred only TiThen chlorinating in boats, chlorination of 

briquettes giving no such maximum. They considered this may have been due to 

the stopping, the reaction, by bximing out the carbon in the charge. The 

influence of manganese dioxide as a catalyst is reported by them to fade with 

increase in temx)erature, and to be unnoticeable at high temperatures. 

Beonfilov et alia (II) reported that theoeaction was catalysed by the use 

of a small portion of rare earth chlorides, resulting in a lowering of 100^ -

200^ in the reaction ten êl|SLtuî » McTaggart (5) states, that in test carried 

out, addition of and ^ rare earth chlorides produced no effect upon 

reaction velocity or temperature of the reaction initiation. 

The most satisfactory published work on the temperature of reaction, is 

that of McTaggart This worker passed chlorine at a rate iwhichwas knov/n 

to be slightly in excess of that "which the charge could take up, while 

increasing the temperature in 10̂ 3 steps. The yield of titanium tetrachloride 

obtained (cc/lO min.) was then plotted against temperatxire of reaction. This 

graph is reproduced in Figure a . t . From these results i t appears that the 

optimum teir^rature of chlorination is approximately 7OO® - 8CX)̂ . 



*•! r"' • 

Figure 2^1 

McTaggart reports tha t the reaction f o r a l l i^^pes of b r ique t tes , 

independant of the grain s ize and binder commences a t about 450^« This was 

indicated by the appearance of T??hite fumes of titanium te t rachlor ide i n the 

condenser, while passing chlorine throiogh the charge, and increasing the 

tonperatiire i n 1CW steps* 

Further evidence of the optimum ten^^rature f o r the chlor inat ion of 

r u t i l e or t i tanium dioxide i s presented by B r a l l i e r (12) Y^O s t a t e s tha t the 

required temperature of chlor inat ion i s 700PC» This worker used the addit ion 

of titanium caibide , titanium cyonanitride or s i l i con (I3) to supply added 

heat to maintain an autothemic reaction* Belchetz (14) has taken out a 

patent f o r the chlorinatioii of f i n e l y garound r u t i l e and carbon i n a f lu id ized 

bed a t 700^ - 950°C, under which conditions i t i s claimed tha t the reac t ion 

i s autotheiroic, provided \jndue heat losses are prevented® 



I t woxsld appear from the work of Ifeiijfilov (3) and McTaggart (5) tha t the 

react ion of titaniijin dioxide with chlorine in the presence of carboh, commetices 

a t liOO^ - and that a maximum i s reached a t appixDxirnately 700^0, above 

which t a i ^ r a t u r e f u r t h e r increase produces no increase in t i taniian » 
te t rachlor ide yielft» In view of l a t e r woiic, claims as to the ef fec t iveness of 

manganese dioxide and rare ear th chlorides as chloi lnat ion c a t a l y s t s may be 

discounted. 

Variation of Reaction Rate with I ^ r t i c l e Size 

In a hetrogenious reaction, in'which the ve loc i ty may be expected to be 

goveined by react ion a t an i n t e r f ace , the react ion ve loc i ty must be 

proportional t o the surface area of the sol id exposed to gaseous ch lo i lne 

pixrvided excess chlor ine i s present , 
« • 

The only published data on the e f f e c t of pa r t i c l e s i z e on react ion r a t e 

i s tha t due to McTaggart (3 ) , In t h i s s e r i e s of experiments, four s izes of 

r u t i l e were tes ted , as well as titanium white pigment. Chlorine was passed 

as r a t e s of 1(X), 2CX) and 250 cc/minute through 100 grams of s ta ich (iCJ^ so ln . ) 

bonded r u t i l e carbon br ique t tes pressed at hPOO Ib/in^^ Different chlor ine 

ra tes were used to ensure tha t sxifficient chlorine was entering to completely 

s a t i s f y the charge. The resu l t s of these experiments axe reproduced i n 

Figures 2,2 and 
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From these results no correlation of rea.ction rate and particle size 
appears. The reactivity of briquetted titanium dioxide pi^nent, contrary to 
theoretical considerations is shovm to be definitely inferior to the various 
sizes of rutile used, while uniform partiie size will briquette under pressure 
into a product with little porosity to allow entry of chlorine, while lar^e and 
non-uniform particles should result in a more parous product. This would seem 
to be bom out in the resxilts of McTaggart, It is expected that in a 
fluidized bed chlorination, in which a homogeneous mixture of carbon and 
titaniiam dioxide particles is fluidized in a stream of chlorine, the particle 
size of both titanium dioxide and carbon should show a definite correlation 
with reaction rate. Reaction rates obtainable for a given volume of bed 
under fluidized conditions should be higher than those obtainable tinder fixed 
bed briquette chlorination, as a very much greater specific surface would be 
available for reaction thsin is possible in the latter case. 

Chlorine Efficiency 

McTaggart (5) claims on the result of pilot plant work chlorine 
efficiencies of for an optimum chlorine velocity, abwe -svhich the 
chlorine efficiency falls off. This conversion of chlorine also falls if 
chlorination is carried beyond 70-7^ of the charge, I.G-. Faben reports (16) 
indicate up to 93% chlorine efficiency on a commercial operation. It may he 

V 

concluded therefore that high conversion of chlorine may be obtained if 
sufficient materials is present in the bed through which chlorine is being 
passes. 



Chlorination of Hmenite 

Separation of Iron and Titamvan by Chlorination 

In the chlorination of Hmenite, two chlorination reactions take place 

2FeO + 3Cl2 ^ 2FeCl3 + O2 

and 

Ti02 + 2012 + O2 

the chlorination of iron oxides taking place more readily and at a lovrer 

temperatxire than the titanix^m chlorination. A patent has "been taken out by 

Sakla-tfella (9) making use of this fact to achieve separation of the iron and 

titanium in Hmenite ore. Finely ground ore was selectively chlorinated at 

8€X)^, at which temperature iron only was attacked, fendc chloride being 

removed as the vapour, leaving a residue of the titani\jm dioxide and other 

impurities • Chlorination of titanium dioxide was reported to begin at 8 1 • 

It i s reported Isy Psunfilov (3) that titanium tetrachloride reacts with iron 

oxides to give ferric chloride and titanium dioxide. This was shown by 

chlorination of sioccessively loaded briquettes of titanomagnetite concentrates 

and carbon in a tiibe fuinaceo Briquettes away from the chlorine inlet showed 

an increase in their t itanim dioxide content, while the ferric oxide decreased* 

These workers claim that the chlorination of the iron oxides commences at about 

280^ con^ared with 450^ f o r titanium dioxide as discussed above. 

Use has been made (jif) of this difference in reaction ten^rature to 

separate iron ajid titanium. The briquetted mixtxire of ilmenite ore and carbon 

was chlorinated f i r s t at 350^ at which temperature iron was attacked. '̂Vhen a l l 

iron hM been removed, the temperature was raised to 550^ - 600^0 within "which 

range titanium dioxide was chlorinated. It was claimed that a product was 



obtained containing traces only of the clilorides of iron silicon and vanadium. 

Donaldson (18) took out a patent for the separation of iron and titanium by 
heating the ore mth carbon at 1000^ when all iron compounds were reduced to the 
metal. The iron was then removed by chlorination at between 330® and 1000^, 
and the residue of titanium dioxide chloidnated in the usual manner in the 
presence of carbon. Titanium tetrachloride has also been foimed (19) by 
chlorinating a briquetted mixture of ilmenite and coal at 750^ ̂ followed by 
fractional distillation of the volatile chloride. 

Muslcat and Taylor (7) report that although iron may be removed by 
chlorination of Ilmenite in the absence of reducing agent, the process is 
incon̂ lete, ajid a considerable quantity of titanium dioxide is lost during the 
chlorination. They report that the direction of the chlorination to remove 
iron may be controlled by the concentration of reducing agent, such as carbon, 
present in the chaî ge during chlorination; and that at an optimum carbon 
concentration most of the iron may be removed without substantial titanium 
losses. With caibon concentration above this figure chlorination of titanium 
commences. This c§ibon concentration is dependant upon the content of iron in 
the ore, and to some extent upon the chlorination tecoperature. V/ithin the 
range 700® - 11^0^, however, carbon concentration varies little with 
temperature. In this work the effect of introduction of air with chlorine 
was also studied. The results of this work is shown in Figures and 
reproduced from the patent papers. 
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Prom the graph for chlorination in the absence of oxygen, it may be seen 

that titaniTjm dioxide does not react until sufficient carbon has been added to 

allow most of the iron to be chlorinated, the figure of added carbon, 

corresponding to approximately caibon in the briquettes, is approximately 

the strochiometric concentration for the reaction 

2FeO + 3012 . + 20 2FgC1^ + 2C0 

assuming the fomula for ilmenite as FeTi03, that is no associated iron. At 

the chlorination ten5)erature (980oc), carbon monoxide will be formed in 

preference to the dioxide. It is reported (20) that the amount of carbon 

introduced, as carbon, carboh monoxide, phosgene, etc., should be theoretical 

amount requied to reduce the iron to the metallic state. 

Similar results were claimed (21J for the chlorination at 8 1 5 ^ in the 

absence of oxygen of briquettes of ilmenite containing 7,2^ carbon, insulting 

in removal of iron, and a loss of only l̂ o titanium. In this patent the 

residue titanixim dioxide was chlorinated at 60000 in the presence of a gaseoias 

reducing agent to yield a relatively pure titanium tetrsjchloride. The reaction 

was carried out at such a rate to maintain the temperature at 6 0 0 ^ without any 

external heat input. 

It would beem, therefore, that in the presence of a reducing agent, a 

lai^e percentage of iron in ilmenite ore is chlorinated before titanium 

dioxide .begins to react. Also iron begins to r^act at a lower temperature 

than titanium. 

Chlorination in the absence of oxygen provides the sharper separation of 

iron and titanium. Addition of air or o^qygen to the chlorination gas tends 



to flatten out the sepamtion ciirves, and increases the amount of csirbon required 

in the chaise to achieve separation^ Lower titanium recoveries are also 

obtained. Little advantage then seems to occur from the addition of oxygen® 

Separation of Iron and Titaniim Chlorides 

Several processes are mentioned in the patent and general litemture for 

separation of the chloride mixtures resulting from clilorination of ilmenite, 

titanomagnitite aiid other iron containing titanii-un ores. Difficulty is 

experienced in handling the chloride mixture which condenses as a mush of solid 

ferric chloride and liquid titanium tetraciiloride, blocking the condensation 

system. Muskat and Taylor (22) repoirt that fractional condsnsation is 

difficult to achieve, as ferric chloride distributes itself throughout the 

condensation system, a large proportion remaining dispersed as colloidal particles 

in the uncondensed gases. If, however, a substantial portion of the titanium 

tetrachloride is condensed m t h the ferric cliloride most of the solid ferric 

chloride is removed. The method adopted by these -worfcers involves condensing 

the ferric ciiloride and part of the titanium tetrachloride in a condenser 

fitted with scrapers, which discharge the mixture to a second scraper. Here 

the mixture of chlorides is heated to recover the titanium tetrachloride, and 

the ferric ciiloride is discharged from the vessel by means of the scrapers. 

It is reported that the separation of the chloride is improved by the presence 

of a diluent gas, the gaseous mixture passing from the fii^t condenser being used 

for the purpose. Titanium tetrachloride is then condensed from the resultant 

gas mixture by a spray condenser recirculating cold titanium tetrachloride. 

The apparatiis said to be employed in the work is siiown in Figure 

reproduced from the patent papers. 



^ figure <2s6 

Another approach to the problem is that of Pechukas (23) "who sought to 

achieve fractional condensation "by psissing the vax>ours throu^ three spray 

scrubbers in series. The bulk of the ferric chloride was removed in the f i r s t 

scrubber by washing the mixed vapours with a chloride, e.g. silicon or carbon 

tetrachloride, at 1 3 5 ^ ® Titanim tetrachloride, and some ferric chloidde as 

a colloidal suspension pass to the second scrubber &nd are scrubbed with 

liquid titanium tetracliloride. This removes the remainder of the ferric 

chloride, and some titanium tetracliloride. The remainder of the titsmium 

tetrachloride is removed in a third scrubber by scrubbing with cold titanium 
• * 

tetrachloride. 

A variation of this metliod i s described in a patent taken out by Kraus (24) 

The resultant gas mixture of titanium tetracliloride, ferric ciiloride,. cait>on 

monoxide, carbon dioxide, and chlorine from the reactor is passed to a cyclone 



where it meets a ̂ m y of liquid titanium tetracliloride. This latter is 
vapourised while ferric chloride is condensed as a solid being removed from the 
"bottom of the cyclone.. The remaining gas passes to a surface condenser where 
titanium tetracliloride is removed. 

An alternative method is suggested by Belchetz (14) making use of the 
insolubility of ferric chloride in titanium tetrachloride. The flovr sheet in 
his patent on the fluidized chlorination of ilmenite shows the condenser 
dischaî ge passing to a receiver, from -sriiioh the sluny of ferric chloride is 
punx>ed, part io a filter vsdiere ferric chlordde is removed, part through a cooler 
. and back to the receiver to cool the sluny. The temperature in the receiver 
may thus be controlled to allow the ferric chloride crystals to grow to 
filterable size. Any titanium tetrachloride in the gas leaving the receiver 
is condensed in a refrigerated condenser. It is claimed that should the 
slurry in the receiver became too thick to be readily pun^d, titanium 
tetracliloride may be returned to the receiver from the filter. This method 
does not seem to allow for deposition of solid ferric chloidde in the 
condenser, although it seems probable that this co\ild be prevented by 
introduction of liquid titanium tetrachloride into the condenser© 

Of the methods described above those of Muskat and Taylor and Belchetz 
would appear to be most successful. The method of Kraus seems rather 
optimistic in hoping to aciiieve complete removal of ferric chloride and 
vapourisation of added titanium tetrachloride in vdiat must at best be one 
theoretical, stage. The process would be ideal if the patentee's claim could 
be substantiated, but without pi^tical tests this seems unlikely. The method 
of Pechukas suffers in that a third contaminant is introduced in the first 
scrubber, and that liquid titanium tetrachloride containing ferric chloride 



is obtained from the second scrubbero The method suggested by Belchetz has the 
advantage that no heat need be supplied to revapourise the tetrachloride, and 
tliat provided the filters are working satisfactorily a product containing not 
more than 0»02̂  iron Ydll be obtained* Operation of this separation sliould 
also be more simple than that of Muskat and Taylor® The final choice 
bet̂ f̂een these two systems will depend on the energy and labour requirements, 
which seems to favour the fomer« 

Use of Gaseous Reduciry? Agents 

The use of gaseous reducing agents introduced with the chlorine, in place 
of carbon in the charge was first mentioned in 1878 (2)» It has been claimed 
(4) that the use of gaseous reducing agents has advantages in eliminating the 
necessity of calcining of briquettes to eliminate hydrocaibons® These 
workers also claim the rosustion using caibon monoxide as a reducing agent to 
be more exothermic• This has been verified, calculation of the free enei^ 
changes for the reaction, to be the case at temperatures belo\7 800̂ 0, but 
above this ten^rature less exothermic than when \jising solid carbon (see 
Appendix !)• In experimental chlorination lising carbon monoxide as the 
reducing agent, the reaction commences (4) at appreximately §00^, as in the 
case of chlorination in the presence of solid carbon. The work carried out 
showed no maximum yield to be reached with increase in temperature. No 
substantial differences in reaction using carbon monoxide instead of carbon 
were found. 

Similar results to those obtained using carbon, have been claimed by 
Muskat and Taylor (20) for the chlorination of I3jnenite using gaseous reducing 
agents, such as carbon monoxide, phosgene, hydrogen, sulphur chloride, csirbon 
tetrachloride etc. The results reported in this patent, however, deal only 



with the use of ceurtjon monoxide, with which very similar results to those 

using cait>on were claimed. In chlorination in the range 850*̂  - 1000^ an 

amo\mt of rediocing agent slightly in excess of the theoretical amoimt required 

to reduce the iron oxides to the metal resulted in selective chlorination of 

the iron, umile above this concentration both iron and titanium were chlorinated. 

I t i s reported that above 600^ the reaction proceeds with such rapidity, and 

with sufficient evolution of heat to operate autothermically. 

According to Chauvinet (25) phosgene i s less satisfactoiy than a mixture 

of carbon monoxide and chlorine, due to the exothermic nature of the 

decomposition of the carbonyl chloride. Chloiofom has also been used (26) 

as a chlorinating agent, reacting to give titanium tetrachloride cai^on 

monoxide aiid i?ydrogen chloride. 

It i s also reported that d i - or higher sulphur chlorides may be used f o r 

chlorination, reacting to give titanium tetrachloride and sulphur dioxide. 

Titanium Compounds Other than Oxides 

References are available to the chlorination of carbides, alloys and 

clays containing titanium. 

I t i s reported by Oreshkin (27) that chlorine reacts with the carbide 

more readily than with a mixture of dioxide and carbon, the reaction taking 

place at 200^.* Stabler (28) reported the chlorination of carbide fomed by 

fusing ruti le or ilmenite with coke gives good yields . The slag formed from 

titaniferous clays used in an alviminium fiimace i s reported (29) to react 

readily with chlorine at ifOOo -



Intents have been taken out for the recoveiy of titanium tetraciiloride 
from clay at 300® - '450^ (32)* These processes have not, hoT?rever, "been 
successfully operated on a commercial scale. 

Pui'nace Operation 

As "VTill be seen from the themodynamic survey of possible reactions, the 
chlorination of titanium dioxide in the presence of carbon is exotheiroic. 
Reference to the literature shows that if the chlorination is carried out with 
a sufficiently large mass of material, and if undue heat losses do not occur, 
the heat liberated by the reaction is sufficient to maintain the mass at the 
reaction temperature (600® - 900*̂ ), without the addition of aîy external heat. 
In one batch chlordnation the preheated chaise is dropped into the furnace 
initially heated by a wood fire, and chlorination proceeds without any further 
external heating. The furnace remains up to temperature, and the following 
preheated charge is introduced wtien the first is chlorinated. A continuous 
autotheimc chlorination is described (34) in which a briquetted mixture of 
ilmenite ore and caibon is passed through a shaft furnace, the chaise being 
fed and the unreacted material being removed by means of a star feeder. A 
bed approximately three feet deep was maintained and chlorine was passed 
upvards. A temperature of at least 700^ was m̂ nt-ained in portion of the bed. 
It was reported that the bed could be divided into zones, the top zone preheat-
ing the chaî ge, the middle zone in Y^ch iron was chlorinated, and the bottom 
zone in which titanim dioxide chlorination took place. Temperature control 
was achieved by regulating the rate of feeding the charge and chlorine, and by 
the rate of dischaî e of the residuei Additional heat may be supplied by 
adding excess caibon to the chaî ge, and air or oxygen with the chlorine. 



A s imi l a r process \2B±ng a gaseous reducing agent i s described by Muskat 

a3id Taylor (20) . The furnace was preheated t o a s u i t a b l e tempeiTitvire ( 8 5 0 ^ ) 

to i n i t i a t e the reaxstion, by passing a b l a s t of osygen and a i r through a coke 

f i r e i n the furnace . The charge of b r i q u e t t e s YHSLS then introdiiced, oxygen cu t 

o f f , and the reduciiig gas ajid clilorine introduced* The r eac t i on zone 

ten^era ture i s regula ted by the r a t e of feeding and discharge of the o r e , and 

the gas r a t e through the f u m a c d . The pa ten t claims t h a t add i t iona l hea t may 

be si j^plied by introducing caibon -with the charge and o^qygen with the gas 

mixfc\ire» Cooling of the reac t ion zone may be achieved by in t roduc t ion of a 

di luent gas such as n i t rogen or caibon dioxide with the i n l ^ t gas . CajrfDon 

dioxide i s olaiiodd t o be p a r t i c u l a r l y e f f e c t i v e as a cool ing agent . S ince , 

however, subs t an t i a l l y u n i f o m r e s u l t s a re obtained wi th in the irjige 850® t o 

12509cj considei^ble l a t i t u d e i n t e n ^ r a t u r e aregulation i s permiss ib le . 

As these processes employ a br iquet ted m a t e r i a l , the b r i c u e t t i n g 

piTocesses requ i r ing the heat ing of the b r i q u e t t e s t o a f a i r l y high temperature 

i t i s usual t o discharge the b r i q u e t t e d i r e c t l y from the coking 

ve s se l to the ch lo r ina to r , i n . t h i s way preheat ing the cha ise and conserv^jtig 

h e a t . 

Another continuous au to themic process has been claimed bir Belchetz (14), i n 

which mixture of t i t an ium dioxide and carbon, l e s s than 200 mesh, was t r a n s f e r r e d 

by lean phase f l u i d i z a t i o n in to a r e a c t o r i n . v ^ c h a flid-dized bed was formed. 

Vfith a gas ve loc i ty of 1.5 f t . per second i n the r e a c t o r , and a res idence time 

of 15 seconds, i t i s c l amed t h a t when a l l feed m a t e r i a l s were in t roduced a t 

atmospheric temperatxires, s u f f i c i e n t heat was l i b e r a t e d t o maintain the 

r e a c t i o n zone a t 650® - 950°C. 



Fumaoe Construction 
» 

A typical fiiinace of the semi-continuous autotherndc batch tjjpe is that 

used at Leverkusen by l.G. Farben (16), This furnace is a steel shell lined 
« 

with fire bidck, and fitted with an uplined quick opening chaining door. 

Chlorine is passed in at the bottom, and the product gases taken off through a 

brick lined off take. They are then passed throu^ two glass wool filters to 

remove dust. This furnace is shown in Figure 2*t reproduced from a F.I»A.T. 

Rep̂ -̂rt. 

Fl.'nire P^f 

Figure 7»2 

The furnace used in the pilot plant work at the PLttsbuig Plate Glass Co.. 

(7, 20, 21, 22 & 23) for continuovis chlorination is shovm in Figure 

reproduced from the patent papers. The patentees claini that the fumace 

may be constructed of fii^ brick, or other refractory material resistant to 

chlorine at the temperature employed. As no external heat is to be supplied 



to the fuinace, the use of heat conducting material is unnecessary. Figure 

shov/s a furnace used with gaseoxis reducing agents. The inlet pipe is "blocked 

off when \ising carbon in the charge. 
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McTaggart (5) emploj'̂ d a pressed silicon carhide in the construction of 

a pilot plant furnace^ and reported that no sign of attach or deterioration 

was evident after three hundred hours running. 

Purification of Titanium Tetrachloride 

Crude titanium tetrachloride obtained from the chlorination of titanium 

bearing materials usually contain dissolved chlorine, clilorides of iron. 



silicon and vanadliJim as well as siispended ferric chloride and carbon dust® 

IMaggart (5) reported the solubility of ferric chloride in titanium 
tetrachloride (estimated as iron) to be 0̂ 02fo at 20^» Separation between the 
chlorides may be achieved by settling when the denser ferric chloride (S.G® 
2.804 at 11^) separates from titanium tetrachloride 1«726) leaving a 
crystal clear bright yellow liquid. Ferric chloride may also be separated by 
filtration after cooling to room temperature. A deposit of ferric chloride 
giving better filtering properties may be obtained by holding the crude mixture 
at about 130°C, followed by slow cooling to allow the growth of large crystals 
of ferric chloride. 

Ompurities other than vanadium may be separated by fractional distillation. 
The yellow colour of the crude material is probably due to the presence of 
vanadium as the oxychlorlde or tetrachloride (35) both of which cannot be 
removed by fractional distillation. 

Several methods of purification are described, including refluxing or 
standing over mercury, copper, reduced iron, sodium, potassium, sodium amalgam, 
etc. (1, 35 & 36)* McTaggart (5) reports that, on test, only the method 
en̂ loying copper proved satisfactory. In this method titanium tetrachloride 
is refluxed over copper foil or turnings until colourless, and then distilled 
from the copper. In this way a water vtĥ te product of high purity is obtained. 
Jenness and Annis (37) patented a method employing the addition of organic 
compounds to the crude material. Effective organic confounds are those wliich 
polymerise in the crude tetrachloride, reacting with the vanadium during 
polymerisation to form non-volatile easily separa.ble compounds. The resultant 
compounds may be separated either mechanically or by distillation. Activated 



carbon is also reported (38) to achieve separation of the impurities when used 

to treat either the liquid or the vapour. This worker suggests also the 

precipitation of impurities such as iron vanadim and manganese "by means of 

active sulphides. Distillation from heavy metal soaps (39) # alkali metal soaps 

{kO), ferrous sulphate (41) or alkali metal hydroxides (hZ) have been suggested 

as methods of purification^ 

A pilot plant investigation on the purification of titanium tetrachloride 

has been carried out by Stoddard and H e t z of the Bureau of Mines (43)* Pull 

pilot plant data is given in this woik for design of fra-ctionating colimins for 

the separation of silicon and titanium tetrachlorides. The removal of volatile 

impurities by treatment of the crude product with hydrogen sulphide, copper, 

oleic acid, fatty acids their salts,esters and certain amines, and napthenic 

acid, its salts and certain esters was investigated, and treatment with copper 

or oleic acid was foiond to be the most satisfactory. One half percent of 

copper was found to be the minimum amount -wdiich will produce a colourless 

product. The crude tetrachloride was heated at 98.5^ with copper povTder for 

fifteen minutes, and then distilled from the powder. 

From the above data it may be concluded that impurities may most 

satisfactorily be separated from crude titanium tetrachloride as follov/s: 

(a) Ferric chloride may be reduced to 0^02fo by settling and decantation, 

or by filtration. 

(b) Silicon tetrachloride and free chlorine may be separated by 

fractional distillation. 

(c) Vanadium, manganese, and tra.ces of iron may be removed by heating the 

crude material with copper powder at 98.5^, followed by distillation 

from the powder. Fractional distillation from the powder may 

replace section (b) above. 



CHAB?ER III 

Disciission of the Literature Relatliig 
to the Mechaniisni of the Reaction. 

The reaction of chlorine and titanium dioxide in the presence of cait)on 

may be one of the following overall reactions 

Ti02 + C + 2012 TiOl^ + CO2 (I} 

or 

Ti02 + 20 + 2312 ^ TdDl^ + 200 (2) 

These reactions as "written require the instantaneous reaction of a gas 
* 

and two solids, "which is an lanlikely occurance, for axuy chemical reaction 
which procedes rorpidly must occur through one or moare relativly single and 
kineticaJ^ probable steps, and the reactive species must have the opportunity 
to interact* 

For these reactions the two siô aest cases would seem to be that titanium 
dioxide may (a) a ? e a c t with chlorine, or (b) be reduced to the metal* 

If the reaction takes place as in case (a) the reaction 

Ti02 + 20I2 + O2 
may occur, followed by the reaction of the oxygen formed with carbon to form 

the monoxide or dioxide* The possibility of the reaction between ciilorlne and 

carbon monoxide fo form carbomyl chloride may be discounted at the reaction 

teii5)erature, as the equilibrium partial pressures calculated by Godnev and 

Bamfilov (45) show that this compound will not exist at temperatures in the 

range of 400® - 1000^0* 

Should the oxide be fir^t reduced to the metal the following schoae of 

reaction mgy occur: 



33o 

TiOg + C Ti + CO2 (4 ) 

and 

Ti + 20I2 ^ TiCJl̂ j. (5) 

This f i r s t react ion requires the reaction of two so l ids , -which f o r a 

f a s t react ion i s improlDable* This react ion may howevdr be wri t ten i n two 

steps: 

i . Ti02 + 2C0 Ti + 2CO2 (6) 

and 

i i , CO2 + C 200 

The poss ib i l i t i e s of reactions (3) or (6) taMng place has been 

investigated by a thermod^Tnamic evaluation of the reactions in the temperature 

range of in teres t (Appendix l ) . Calculation of the equilibrium constant fo r 

the react ions show that at 1000^ the equilibrium constant 

TT̂  _ PriClL X K)2 _ , Q „ >,0-5 
- PTiO X k ) l 2 " "" 

coiresponds to a conversion of vrtiile the equilibrium constant 

tr^ - FTi X ^002 - 1 ^ V 10 ^^ - PTi02 xP^CO - l ^ ^ ^ c I O 

which gives a conversion of 4 x 10 These values indicate tha t although 

in each case the equilibrium i s unfavourable, the reduction to the metal as a 

f i r s t se tp i s not possible, while reaction (3) viZo 

Ti02 + 2012 TiC;i4 + O2 

could be a f i r s t step i n the clilorination in the presence of caibon® 

Although the theorat ical equilibriimi allows only a small conversion, 

con^lete react ion could be aMiieved by removal of the reaction products from 

the systen as foiraed, by carrying the products away in a f&st staream of gas, 

or by causing one of the products to react with a th i rd compound^ This occurs 

•v?hen caibon i s present in the bed# 
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Kangro and Jahn (8) passed clilorine at 1.1 co« per second over 1»5 to 3«0gEW 

of titaniijra dioxide contained in a boat placed in a tube furnace at 800^ and 

obtained only Q<,6fo chlorination of the oxide in one hour. Pamfilov and Shtandel 

(3) in the chlorination of the oxide in the presence of cai^on under similar 

conditions (cliloirine ms pstssed 0.35 cc/sec. over the one gram of oxide) obtained 

conversion in one hour. From these results, althoiogh the figures are at 

best qualitative, i t would seem that for the chlorination in the absence of 

caibon no appreciable equilibrium shift resulting from the removal of the 

products was obtained, but in the presence of caibon the equilibrium of the 

reaction i s shifted far to the right. The equilibrium constants. Table VI 

Appendix I for the possible reactions occuring give 100^ conversion in each 

case®^ 

"When carbon is present in the charge the simplest cause for the shift of 

the rea ction equilibrium to the rigiht would appear to be the reaction of 

oxygen with carbon, which may take place according to either of the following 

reactions: 

02 + C CO2 (7) 

or 

02 + 20 2C0 (8) 

of which reaction (8) may itsel f take place in two steps: 

O2 + 200 ^ 2OO2 (9) 
and 

CO2 + 0 — — — ^ 200 (10) 

Calculation of the equilibrium constants for reactions (?) and (8) -

Table V Appendix I - shows an equal possibility of either reaction taking 

place. At equilibrium, however, the mtio of monoxide to dioxide wi l l be 

corresponding to the equilibrium of reaction (IO)/ 



If cait>on reacts as a solid according to reactions (?) ̂  (8) "then 02<ygen 

must "be transferred to react at the carbon interface* Once osqygen has "been 

removed from the titanium dioxide surface at which the reaction equilibrium 

exists, into the gas stream, the methoc^^emoval there, Y^ether "by sweeping away 

or by reaction with carbon, can have no effect on the equilibrium or the rate 

of the reaction* As it has been shown that h i ^ conversions can be obtained 

Ttoi carbon is present in the bed, it would seem that a reaction mechanism other 

tiian the reaction of oxygen with solid carbon is required* 

Should caibon react as indicated in eqiiations (9) and (10) carbon monoxide 

may be adsorbed on the titanium dioxide surface and react there with oxygen 

formed diiring the chlorination to y ield carbon dioxideo Under these 

conditions the calculated equilibrium for the reaction occuring at the 

interface gives 100^ conversion* 

Thus the reaction of chlorine with titanium dioxide in the presence of ^ 

carbon would seem to be most satisfactorily represented by the equations 

Ti02 + 2012 + 2C0 • TiClî , + 2002 
and 

2002 + 20 — — — prn̂  2|C0 

The resultant gats mixture would then contain titanium tetrachloride, 

chlorine, carbon dioxide and carbon monoxide; the ratio of monoxide to 

dioxide depending upon the equilibrium of the reaction 

OO2 X 0 ^ 200 

at the temperature of the reaction* Figure shows the 

theoretical equilibrium for this reaction^ 



Godnev and Pamfilofv (45) have caloulated the partial pressxires for 

chlorination at one atmosphere pressure, in the presence of carbon and show 

that at kOO^ carf>on dioxide is predominantly formed, ydiile at 1000^ the 

equilibrium fa vours the foimation of carbon monoxide^ These values are 

given belo?7« 

Equilibrium Partial Pressures for the Chlorination in the 

Presence of Carbon 

I 
PCO PTdUl]^. KJOCI2 I b l 2 

4D0 0 . 0 0 5 4 0 . 4 3 i ^ 0 . 5 0 0 2 . 3 X 10"^ 1 . 3 8 X 10""^ ff 
6 0 0 0 . 1 7 5 0 . 3 7 0 0 . 4 5 5 5 . 7 X 10"""̂  1 . 4 7 X 10"^ 

8 0 0 0 . 6 0 0 0 . 0 4 7 0 . 3 5 3 4 . 9 X 10"^ 7 . 4 X 10*"^ 

1 0 0 0 0 . 6 6 2 3 0 . 0 0 2 7 0 . 3 3 5 9 . 9 X 10"^ 1 . 1 2 X 1 0 " ^ 

These workers also claim that analysis of the gaseous mixture f o m 

chlorination gave coniqpositions corresponding to the above table. This would 

be the case if the reaction mechanism postulated above occured* 

This concept of the reaction, is, howwer, contradicted by the work of 

McTaggart (5), who states that the material balance on chlorinations carried 

out by him on briquettes provided proof that little carbon dioxide could have 

been formed during the reaction^ The possiMlity of the fonnation of carbon 

dioxide followed by reduction with carbon to form the monoxide is discoimted 

by him in view to the oeaction equilibrium at 700^, wiiich according to 

Stansfield (49) would give a carbon monoxide to dioxide ratio of 62:38, from 

which the usage of carbon would not correspond to the niaterials balajice. These 

figures are not, however, backed up analysis of the gas mixture from the reactor. 

In the reaction mechanism postulated above the fbllowing steps would take 

place in the propogation of the reaction in the bed* 



1 • the reaction 

TiOg + 2012 — T i D l i ^ + Og 

to foxm titanium tetrachloride and oxygen^ 

the rea.ction of oxygen with cait>on to fonn cait>on monoxide and carbon 
dioxide^ 

3* ^he reaction of carbon monoxide and chlorine with titaniim dioxide to 
form titanium tetrachloride and carbon dioxide 

Ti02 + 2C0 + 2012 TiCl^ + 2002 

The reaction of carbon dioxide with carbon to form caibon monoxide which 
reacts as in step three to continue the chlorination by that reaction, 

Oonsideration of the reaction 

Ti02 + 200 + 2OI2 TiOl^^ + 2CO2 

as a basic step of the chlorination shows a hetrogeneous reaction foimally 

related to the catalytic reaction of gasses on a surface, in th^t the reaction 

is confined to the Ti02 surface at ar̂ y time, althou^ all the products are 

volatile. The mechanism of such a surface reaction has been separated by 

Glass tone, Laidler and IJyring (2i4) into five stages. 

The transport of the gaseo^ls reactants to the surface 

2. Msoirption of the gasses on the surface 

3# Reaction on the surface 

2HI Desoiption of the products 

Transport of the liberated products from the surface into the bulk phase 

In this separation stages one and five are diffi;u3ion processes, and if 

these were to exert control over the rate, the temperatui^ coefficient of the 

reaction rate would be the same order as that for gaseous diffusion, increasing 

in proportion to the square root of the temperature, although in most known 

examples of hetrogeneous reactions the temperature coefficients is exponential 

with increase in temperature. 



These vforkers have also observed that most hetrogeneous reactions have an 

energy of activation in the order of 30 liCal»/mole«, T?7hile for diffusion 

processes the enei^gies of activation are probably veiy small, and that for the 

diffusion process to be controlling the film of stagnant gas on the surface 

would have to be of visible dimensions. 

On the basis of these arguments i t is now generally considered improbable 

that diffusion to or fran the surface is the slow step in a reaction taking 

place at a surface, and that in general processes two and four may be expected 
t-s 

to be the slow step in a hetrogeneous reaction i f the activation energy^high f o r 

the adsoi^tion or description process, or is low for the surface reaction. 

In a reaction taking place at a surface the rate of the reaction i s 

governed by the concentration of the reactants at the surface, and only by the 

concentration in the bulk phase in so far as this affects the concentration at 

the surface® 

The population of gaseous molecules on a surface i s governed by the 

processes of either Physical or van dei^^aal*s adsorption of Chemisorptiion* 

In a recent review of Hetrogeneous fac t ions Roberts and Anderson (2}£) state 

that in Physical adsorption the forees involved are of the same type and 

magnitude as in condensation of a liquid from a gas. These are non-specific 

and of the order of a few (•< 5) IsCal./mole,, only, Belov/ the cr it ical 

temperature of the gas more than one adborbed layer maj/- be formed, but as the 

temperature rises the population of adsorbed moleculas on the surface decreases, 

\mtil as shown by the adsorption isotherm, there i s no population of physically 

adsorbed N2 or O2 molecules above 600^3, or for H2 molecules above room 

temperature, at which teir^ratures any reaction between the gas and the 

surface must take place at the instant of col l is ion. 



While the physical adsorption of a gas molecule on a surface involves 

only quite unspecific forces, the initiation of a chemical reaction hetween a 

gas molecule and the substrate indies a quite specific and more drastic mode 

of interaction involving either rearrangement of chemical bonds or an electaron 

transferee The net energy balance of sucha surface process is strongly 

exothermic and restalts in high or veiy high heats of adsorption^ Unlike 

Hiysical adsorption this type of adsorption (chemisoiption) is quite specific 

depending on the chemicaJL nature of the solids and the gas, and not on the ease 

of liqoifaction of the gas, as is the case for physical adsoiption# Two types 

of chemisorption have been distinguished; "where the heat of adsorption is less 

than about 20 kCal/mole, the adsorption process is reversible, and the 

chemisorbed gas may be desorbed at moderately low temperatures, and Ts^ere the 

heat of adsorption is very Istî ge the chemisorption is practically irreversible 

and the adsorbed molecules axe not recovered as such, but as the product of 

reaction between the adsorbed molecule and the substrate. 

The rate of chemisorption of hydrogen and carbon monoxide on oxides 

increases rapidly with increase in temperature, and has been designated by 

H.S. Taylor as •activated' adsorption* 

G a m e r (47) studied the adsorption of carbon monoxide and hydrogen on a 

variety of difficultly reducable oxides, and found that adsorption taking place 

with a heat of adsorption of less than 20 kcal/moleo was reversible, while 

processes with a heat of adsorption greater than this amount were irreversible 

processes which are the first steps in the reduction of the oxides. G a m e r 

found that carbon monoxide v/as adsorbed reversibly on ZnO and that no surface 

carbonate (see below) YCIS formed. On mixtures of ZnO and Cr^O^ the 

adsorption was however partly irreversible, up to 2 0 0 ^ the gas was evolved 



xjuchanged, but a t î OO^ carbon dioxide v/as evolved* On MnO 1.3 and Cr203 the 

adsoiption i s i r r eve r s ib l e . 

Yi/hen carbon monoxide i s adsorbed irrefversibly with a heat of adsoiption 

grea ter than 20 3d3al/mole, CO2 can be l iberated by ra is ing the tempeirature, 

but i t i s d i f f i c u l t to desorb a t room tenrperature® If carbon dioxide i s 

adsorbed the heat of adsorption i a about 20 kCal/mole., and the gas i s resjdily 

desorbed a t room temperature, indicat ing no appreciable ac t iva t ion i n the 

foimation or dissocation of c a r b o n a t e Y ^ e n however caibon monoxide i s 

adsorbed on an oxide the d i f f i c u t l y of the desorption shcwrs the product to 

vaiy from the carbonate fomed by the adsoi^tion of caibon dioxide. 

In the i r revers ib le adsorption of caibon monoxide on MnO 1.5 and Cr203 

the gas cannot be removed by evacuation a t room temperature, but i f the 

surface i s reoxidised by the adsorption of a stiochiometric amount of oxy gen, 

or by the i n i t i a l adsorption of a mixture of carbon monoxide and oxygen, 

carbon dioxide i s desorbed with a heat of desorption equal to the heat of 

adsorption of carbon monoxide. The t o t a l heats of adsorption and desorption 

f o r the carbon monoxide - oxyg^ - carbon dioxide system correspond to the 

heat of the reaction 

CO + ^02 — C O 2 

The mechanism which Gamer has put forward to explain t h i s process i s 

tha t on oxides of the t r ans i t ion elements carbon monoxide r eac t s with two 

oxygen ions or atoms on the surface to give COj ions l ibera t ing two 

electrons^ 

1. CO + 20" CO3 + 2e, 

the surface becoming unsaturated with respect to oxygen, Y^ch can be added i n 

stiochiometric amounts, v i z . ^^^ each CO adsorbed. 



- « 

For a "bivalent metal the electrons set free would be held in the 

neighhouiiiood of the COj ion, and with this ion would form a resonation system. 

3. CO + 20" + 2M++ T r ^ T T T " ^ 003 + 21^ 
The addition of -102 would then give 

+ 2M • o" + 2M 

which will move the resonating system to the right, i«e# in the direction of 

the formation of the CO3 ion resulting in the desoiption of CO2, which would 

explain, the more ready evolution of c arbon dioxide after the addition of 

oxygen. 

f 

Measurement of the rate of desorption of carbon dioxide shows that 

within a few calories the energy of activation is the same as the heat of 

adsorption. This type of reaction shows a close analogy with catalytic gas 

reactiona as the solid acts as the medium for the transfere of electrons. 

Roberts and Anderson (ii£) observed the similarity of the reaction 

studied by Gamer with ithe chlorination of metallic oxides by means of 

chlorine and carbon monoxideo For the reasons advanced above this process 

would seem to be the most likely mechanism for the chlorination of rutile 

in the presence of carbon, and from the above the chlorination of rutile would 

take place in the following steps: 

1« The adsorption of CO on 200 + /̂ O" — 2CO3 
the oxide ion sites 

2« The adsorption of CI2 on 2012 + ̂  — — 
the metal ion sites 

3. The desorption of OO2 2CO3 — — ^ 2CO2 + 2o" 

4. The desorption of Ti 2,C1« TiDlh 
volatile TiOl4 



4 n 

Assuming the basic 2?eaotipn in the chlorination in the presence of 

caaA)on to he 

Ti02 + 2C0 + 2CI2 —— TiOli^ + 2002, 

wiiich would he p2X)ved i f tl:^ chlorination takes place as readily in the 

presence of carbon monoxide as solid carbon, most light would be throvm on the 

mechanism of the reaction by detemining the order of the reaction witii respect 

to clilorine and cqibon monoxide, and the extent to which the rate of the 

reaction is retarded by the concentration of the p2:t)ducts# 

The study of the mechanism of a reaction occuring in a fluid bed requires 

the use of a flow method of the type used by Gadsby, Hinshelwood and Sykes (2i8) 

for studying the kinetics of the steam - carbon systam, as fluid bed conditions 

could not be achieved using a static technique^ In this flow method a stream 

of gas would be passed throu^ the fluid bed kept at a known temperature and 

the partial pressures of the gasses present in the reaction system vaided 

separately, the total flo\7 being kept constant, and the total pressure being 

maintsLined at atmospheric by use of nitrogen as an inactive carrier gas. 

The order of the reaction with respect to the reactants could then be 

detemined from a plot of the reaction rate versus the partial pressure of the 

reactant, and the effect of the concentmtion of the products on the rate of 

reaction could be determined by varying the concentration of the products and 

plotting the rate versus the inlet partial pressure of the product • A 

comparison of the rates of reaction uising solid carbon or carbon monoxide as tiie 

reducing agent could be obtained by dettoiining the order of reaction of 

chlorine on a bed containing solid carbon, and for carbon monoride on a bed 

containing only rutile, \ising a fixed partial pressure of chlorine, and then 

comparing the rates of reaction under a> nditions of equal clilorine partial 

pressiire# 



I t should then be possible trcm the interpretation of the results of : 

such experajnents to show Y^ether or not the reaction occurs by the adsoiption 

of chlorine and carbon monoxide on the titanium dioxide surface, -wdiat tjpe of 

control the concentration of the reactants exert on the rate of reaction, and 

i f the rate i s controlled by the concentration of the products o 



CH AFTER 17 

The Pluidization of Solids 

The most compreheiisive treatment of fluidization is given in the -woifc of 

Leva and others publislied by the National Bureau Stoktods (50} • 

The tern fluidization is applied to the condition which occurs when a fluid 

is passed upward through a bed of finely divided solids at such a velocity that 

the pressure drop through the bed is equal to the weight of the bed. Under 

this condition the bed expands and each particle is free to move about • This 

bed then possesses properties similar to a liquid and as a result the process 

has many applications wiiere contacting of gasses and solids is necessary, the 

chief being the catalytic cracking of petroleiim fractions and the roasting of 

vaiious ores. The properties "wdiich have made this progress so important are: 

a. The fluid properties of the bed allow solid materials to be handled in 
a manner similar to a liquid, i . e . to be run through pipes and 
controlled b j v^ves. 

b# The bed is maintained in voUent motion, resulting in excellent 
mixing and uniform composition throughout. 

c» The bed temperatures are uniform, veiy l i t t l e temperature differences 
existing between the top, bottcan, centre and walls of the bed. 

d. The heat transfere coefficients obtained between the fluid bed and a 
wall, or pipe are very much greater than those obtained between a 
surfaxse and a gas. 

e . Very fine solids fluidize at lo\7 flow rates, making i t easy and 
economical to produce fliaid beds with h i ^ specific surfaces. This 
res\ilts in higli reaction rates for hetrogeneous reactions^ 

Types of Fluidization 

When a fluid is passed through a bed the behaviour of the bed in the 
f luid state varies widely with the f luid, the solid and the solid pajTtiole 
size. This behaviour has been classified broardly into particulate 
fluidization in which each particle moves independantly, and aggregative in 



d̂iioh the particles move in the bed in clusters. Itoticulate fluidization 
cxjcurs in beds of solids fluidized vath liquids, or occasionally when veiy 
li^t solids are fluidized with gasses, while the abrogative t^^ is usijally 
erxsountered in the fluidization of solids in a gas stream# 

In aggregative fluidization a wide range of conditions can occur from 
clianneling at one end of the range to slugging at the other. As in 
aggregative fluidization the solids have a tendency to move in clusters, so 
there is a similar tendenc;3r for the gas to pass througli the bed in bubbles. 
When these bubbles foimng^he bed beccsiie an appreciable proportion of the 
cross sectional area of the reactor bridging occurs and slugs of solids are 
forced up the reactor. These slugs collapse as the solids run into the gas 
bubble and hence the condition is less evident in beds of free flowing 
materials. T]^s passing of the gas through the bed in bubbles considerably 
reducBd the contact of the gas and solid and thus reduces the efficiency of 
the process. 

Channeling occurs wiien the gas cuts channels through the bed, and in 
extreme cases the remainder of the bed may be quite static. While slugging 
occurs in beds of coarse particles and is reduced by the additi5n of fine 
material, channeling is predominant with fine particle sizes, especially 
Yfhen the angle of repose of the solids is high. When this occurs: channels 
may be cut through the bed and remain^as solids do not run back into the 
channels. 

Some indication of the type of fluidization occuring in an opaque 
reactor may be gained from the pressure drop across the bed as registered by 
a manometer. In channeling beds the pressure drop remains static, while 
slugging conditions causes violent fluctuations in the pressure drop. Steady 
fluidization however in indicated by small rapidly occuring surges as the bed 
expands and contracts slightly on the average volume. 

M slugging is one of the main problems in obtaining satisfactoiy fluid 
bed conditions a good deal of work has been done to determine the conditions 
under which slugging occurs. 

Matheson Herbst and Holt (51) have shown the 'viscosity* of the bed as 
measxired by a modified Stormer viscometer has a straight line relationship 



with the slugging tendency of the bed, measured hy the minimum height at isMch 
sli;!gs occur divided "by the diameter of the bed, the mirJjnum slugging height 
decreasing -with decrease in the * viscosity' • 

These woifcers investigated the effect of variables on the slugging 
tendency by determining their effect on the bed viscositŷ  Particle size 
Yraa shown to have a large effect on the bed 'viscosity', the addition of a 
relatively small amount of fines to a bed of coarse material markedly reduciî  
the 'viscosity' and sliogging up to a concentmtion of about above -which the 
trend is not so marked* It is also shomi that the bed viscosity is a 
function of the bed density, as dependant on both the expansion of the bed and 
the density of the material, thus the addition of a low density material to a 
bed of heavy solids reduces the viscosity considerablŷ  

Moree and Ballou (52) investigated the unifoimity of fluidization and 
showed slugging to be affected by a nuniber of factors* They showed that the 
presence of fines greatly improved the quality of flxiidization, and that gas 
velocity, gas distribution and bed height were factors with a big effect on 
slugging* For fliddization of a metal oxide catalyst doubling the gas 
velocity from just above the initial fluidizing velocity trebled the size 
of the bubbles in the bed, while an increase to three and a half times took 
the bed to incipient slugging. The use of a gauze gas distributor was shown 
to in̂ rove the fluidization in the bottom of deep beds but had little effect at 
hi^er levels* Deep beds have a greater tendency to slug than shallow beds, 
but increase in the bed height has little effect on the quality of the 
fluidization at the bottom of the bed* The quality of fluidizationihrougj? 
the bed was shown to decrease much more rapidly with materials which fluidize 
badly, slugs forming as the gas moves up the bed* 



liS. 
From this woifc it is clear that to obtain the "best results with materials 

"Which have a tendency to slug "beds should have the following characteristics: 

a» The particle size' distribution should be wide, containing up to 
of fine material, 

b» The bed density should be kept as low as possible, this could be 
assisted by the addition of a light material to the bed. 

c. The length to diameter ratio of the bed should be kept to a low figure, 
(not greater than 5)* 

d. The distidbution of gas at the bottom of the bed should be the best 
possible. 

Mechanism of Fluidization 

"When a fluid is passed through a fixed bed of solids the pressirre drop 

varies according to the Carmen equation 

= for laminer flow ̂ iher̂  

A p = pressure drop throxagh the bed 

1 = height of the bed 

M = rate of fluid flow 

SI = surface area of particles and contsdning vessel per unit 
6 (1 - S ) 4 volume = §6. B 

^ = porosity of bed 

f = particle sphericity 

d = particle diameter 

(I = fluid viscosily 

f = bed density 

g = gravitational constant 

This equation holds for the inclined section of the pressure drop versus fluid 

velocity plot shov/n in Figure JW1 



Y/hen the velocity is iiicreased to a value at which the pressure drop equals 

the weight of the bed, the bed expands as is shown by the dovm curve in the plot, 

and when no further expansion can occur without the particles separating, the 

bed is said to be fluidized. Once the bed is fluidized the pressure drop over 

the bed i-eraains nearly constant varying only with the friction of the gas and 

solid particles with the walls# 
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As the velocity of the gas througli the bed is increased the bed expands 

and the most satisfactory correlation for a fluid bed is given by the Leva(53) 

equation 

Hfi^e = k 
f 

(1 m 

in "wMch 

M = 

P- = 
€e = 

k = 
111 = ^ = 

= 

mass flow of fluid 

fluid viscosity 

ratio oB bed height to fixed bed height at fluidisation point 

constant 
constant 
inaxinium static bed porosity 
fluid density 



hS. 
The constant •m' i s the gradient of a l i n e obtained by p l o t t i n g 

^ against ^̂  3 ^^ log- log paper and r equ i r e s eacperioiental 

f l u i d i z a t i o n , Ytole the value ' k ' may be determined by s u b s t i t u t i n g the va lues 

of the o t h e r var iab les a t the f l u i d i z a t i o n point® 

A second u s e f u l co r re l a t ion i s a log-log p l o t of bed expansion versus 

Reynold's Mumber calo\j lated on the p a r t i c l e diameter which gives a s t r a i g h t 

l ien# Thus i n experinoental woiic i f the Reynold* s Nunibers f o r s imi l a r beds a r e 

constant f o r vajcying gas f lows, tenqperatures and dens i t i e s the qua l i t y of 

f l u i d i z a t i o n obtained should a l so be constant . 



CHAPTER V 
The Propiramme of the Experimental Investipjation 

The preceeding survey of the literature has shov/n the chlorimtion of 
briquettes foimed from a mixture of rutile and carbon to be the process with 
the greatest preseit industrial significance for the production of titanium 
tetrachloride© In this process the briquettes, Tidiich are first roasted to 
remove volatile hydrocarbons, are charged to a shaft furnace at to $00^, 
and there reacted with chlorine• It is reported that the chlorination commences, 
at iiOO® to 500^, and that the optimum conditions for the reaction are in the 
range of 700° to 950^, although McTaggart reports that no increase in the 
reaction rate was obtained above 700^. Under these conditions the reaction 
is exotheradc, no external heating of the reactor being required, and providing 
that there is sufficient material in the reactor, chlorine efficiencies of 
93 to 9 ^ are claimed* There is no reliable data on the effect of particle 
size on the reaction rate» 

The previous work carried out on this chlorination has thrown very little 
ligjit on the mechanism of the reaction ta3dj:ig place, and in scane instances the 
reports are contradictory, although a fuller understanding of this would lead 
to a better appreciation of the most favoijirable conditions for the operatioli 
and in̂ rovement of the industrial process. 

V̂hile re€erence (l2f) has been made to the chlorination of rutile in the 
presence of carbon under fluid bed conditions, very little data is given in 
this patent, and no re&l contribution to the literature on the subject has 
been madê  No data is given for the charaoteristics of fluid beds of rutile 
and carbon, the conditions required to acheive optimum bed characteristics, or 
the effects of alteration of any of the reactor conditions. 



In order to evaluate the worth of the fluid bed process for commercial 

operation, i t is necessary to know the clmracteristics of f luid beds of rutile 

and cart>on under operating conditions, the optimum conditions under which the 

reaction occurs, the process efficiency y^ch could be obtained under operating 

conditions, and the heat requirements of the reactor* 

The conditions for the operation of a f luid bed chlorination are f i r s t 

limited by the conditions under which eff ic ient fluidization of a mixture of 

rutile and carbon may be acheived* As no data on these conditions were 

available in the literature, a preliminary investigation of the fluidiaation of 

rutile, carbon, and mixtures of rutile and carbon was required, and experiments 

were caxried out using air as the fluidizing medium, before the design of the 

apparatus for chlorination* 

The survey of the literature suggested that 

a* Temperature 
b. Eutile to carbon ratio 
O0 Chlorine velocity through the bed 

and 
d« Bed depth 

were variables which should be investigated to determine the optioaum conditions 

for the clilorination* 

The previous work has sliown that vsiriation of temperature alters the rate 

of the reaction, and this variable is most irr^rtant in ahiieiving high rates of 

reaction* telle most of the literature is in agreement that the reaction 

commenoes at temperatures in the range of iiOQo to 500^, data on the optijDuni 

temparat\ir® for the reaction seosied to be open to question, and further 

investigation of this variable \inder f luid bed conditions was necessary* 



As the reaction ocouring must be a hetrogeneous reaction between two 
solids and a gas, it is important to investigate the effect of variation of 
reaction rate with change in the surface area of both solids in the reaction 
zone. This will be governed by the amount of each material in the bed and the 
particle size of the rutile and the carbon. If the initial pairticle size of 
both rutile and caibon were kept constant, the effect of change in the siirface 
area could be investigated by detenaining the cliange of the usaction rate with 
cliange in the amount of material in the bed, while variation of the ratio of 
the surface area of rutile to carbon available for reaction may be achieved 
by varying the raiio of rutile to carbon in the bed at constant particle size® 

Change in the feed rate of chlorine to the bed could be expected to effect 
the rate of chlorination in two ways: to increase the rate due to increase 
of the partial pressure of chlorine at aixy point in the bed, or to decrease the 
conversion of chlorine due to slugging of the bed with resultant lower contact 
between the solid and the gas, passing the gas through the bed as bubbles witli-
out coming into contact with the solid# 

Before any investigation of the variation of the reaction rate with 
teraperatuî  conoid be carried out, it is necessary to study the effects of 
change in chlorine rate and bed depth so that conditions could be chosen to 
supply sufficient chlorine to the bed to give an excess under all conditions, 
and to eliminate variations due to change in bed depth in correlating the 
effects of temperature o 

* 

As discussed in chapter three, the meclianism of the reaction would be 
most effectively studied using a flow system in Tdiich a constant volume of 
gas is passed through the bed held at a known temperature, and the partial 



pressures of the gasses present in the reaction system would be varied separately 

the total pressure being maintained at atmospheric b y the use of nitrogen as an 

inactive carried gas. 

The factors discussed in the preceeding paragraphs lead to the flrawing 

XQ) of the following piTogramme for the experimental investigation^ In drawing 

up this programme it was thought advisable to use a sequential approach to the 

investigation, allowing the programne to be altered in the l i ^ t of the 

experimental resists• 

A Propyairme for the Investipiation of the Chlorination of Rutile 

in the presence of Carbon in a Fluid Bed 

A» The investigation of the fluidizing characteristics of beds of rutile, 

caibon and mixtures of rutile and carbon, using air as the fluidizing 

medium in a glass col\jmn* 

B . Preliminary experiments on the chlorination of mixtures of rutile and 

carbon to ascertain the possibility of canying the reaction out under 

fluid bed conditions, and to check the operation of the apparatus and 

the methods of analysis to be used on the system. 

C . Investigation of the fluid bed chlorination in the following steps: 

i» Chlorination with constant chai^ge particle size, bed composition and 

reaction temperature, varying the chlorine racte to the leactor* 

ii. At constant conditions of charge particle size, bed con^sition, 

chlorine rate and temperature, carry out runs varying the bed height. 

iii. With charge particle size, bed compositbn, initial bed weight, and 

chlorine feed rate constant make supaessive runs at bed ten^ratures 

between 450® aJid 950°C. 

iv. At constant particle size, ten^ratxire and chlorine rate vary the 

carbon content of the bed. 

D . Investigation of the Reaction Mechanism in the following steps: 

i. Variation of the partial pressuire of chlorine in the gas to the 

reactor» 



Vaxiation of the partial pressure of caiton dioxide in the gas to the 

reactor* 

iii. Variation of the partial pressure of titanium tetrachloride in the 

gas to the reactor. 

iv* Variation of the partial pressure of caibon monoxide in gas to the 

reactor. 

In step (i) the partial pressure of chlorine in the feed gas wo^jld 

be changed by adding nitrogen as a diluent gas, and reducing the chlorine 

rate to keep the total rate of flow constant, maintaining the pressiire 

constant at atmospheric. In stgps (ii), (iii), and (iv) the partial 

pressure of chlorine would be kept constant, and the partial pressure of 

the component (e.g. carbon dioxide) would be altered by adding this gas 

to the gas stream and adjusting the flow of nitrogen to keep a constant 

total rate of flow. 

In each of these runs the vaidation of the weight of material in the bed, as 

measured by the pressiire drop over the bed, and the rate of reaction, measiared 

by the mte of condensation of titanium tetrachloride, would be determined, and 

analysis made of the tail gas and the residues of the chlorination. Frcm 

these results materials balances could be calculated and the effects of the 

different variables correlated. 

The results of the correlations of the variables obtained from the above 

experiments should then be sufficient for deciding upon the optimum conditions 

for the fluid bed chlorination and for evaluating the economic worth of the 

process. It should be also possible to decide the reactions Y^nich take place 

in the reaction dif chlorine with rutile in the presence of caibon to form 

titanium tetrachloride, to determine the factors controlling the rate of the 

reaction and to calcxilate an energy of activation for the reaction, which would 

lead to a better understanding of the reaction mechanism. 



CKAPTER VI 
Preliminary Fluidization Experiments 

As a preliciinar/ to the chlorination in a fluid "bed the fluidization of 
rutile and rutile-carbon mixtures was studied \asing air as the fluidizing 
mediumo 

The ore as received was a closely sized "beach sand concentrate between 
and 

70 and 100 mesh Tyler Stand/Screen having a density of 4o25 gn/cc,, and a 
b\alk density of 2.39 gn/cc. 

Fluidization of the material in a two inch diameter glass column gave 
violent slugging at high air velocities, slugs forming about one and a half 
inches above the distributor plate. This was with a bed five and a half inches 
deep. At low air velocities little solid movement occured. 

Fluidization of cuts of particle sizes of rutile ground in a ball mill 
resulted in channel formation in beds of particles less than 3OO mesh, no 
solids falling into the channel through which all the gas passed. In the range 
of 200 to 300, cliannels were formed, but the material fluidized to some extent, 
while the I50 to 200 range resulted in some sluggish fluidization. As the 
particle size is increased the tendency to channel decreases while the 
tendency to ̂ ug increases, there being no cut of size at which smooth 
fluidization occurs. 

Fluidization of mixed sizes showed the same tendencies of slugging and 
channeling exhibited in the fl^dization of closely'- sized particles; far . 
better flvddization is however obtained using mixed sizes, the optimum 
fluidization occuring for the grading given in column «a« of Table 6.1. 
With this grading the formation of slugs and channels was reduced to a minimum. 



and good so l ids ciixsulation Ym.s obtained. The addi t ion of more f i n e s t o the 

hed r e s u l t e d i n the formation of channels, u n t i l with a s i ze d i s t r i b u t i o n shown 

in column «b* of Table 6•I marked channeling and l i t t l e a g i t a t i o n of the 

sol ids occured# 

Fl\ i idization of a mixture of r u t i l e and coke i n the r a t io of 3*3si "by 

weight resul ted i n grea t ly improved f l u id i za t i on , the lower bed dens i ty 

(l»66 gras/cc«) reducing the sliigging tendency, smooth f l u i d i z a t i o n being obtained 

over a wide rejige of pa r t i c l e s i z e s . A size d i s t r i b u t i o n such as given i n 

column ' c ' gaipe good f l \ i id iza t ion cha rac t e r i s t i c s a t a supe r f i c i a l gas 

ve loc i ty of 4o3 f t / m i n , through the bed. 

Table 6.1 

Mesh wt . % of l l a t e r i a l Mesh 
a b 0 

liO 1 
70 5 .5 

100 10 7 33.1 
12,JO 25 10 27.2 
200 15 10 27^7 

-200 50 - -

300 i*0 3.9 
-300 33 1.6 

A typical p lo t of the pressure drop over the f lu id ized bed versus the gas 
ve loc i ty f o r a mater ia l with the s ize analysis given i n column i s shown 
i n Figure 6»1. The cha rac t e r i s t i c r i s e of pressure drop with increase in gas 
ve loc i ty f o r the f ixed bed, the f a l l i n g sect ion during -y^ich the bed expands 
with increase i n the veloci ty as the pressure drop becomes equal t o the weight 
of the bed and the nearly hor izonta l section f o r f l u i d i z a t i o n when the bed i s 
expanded and the pressure drop i s equal to the weight of the bed a re c lea r ly 
shown. The s l i g h t increase i n pressure drop during t h i s f l a t s ec t ion i s due 
t o f r i c t i o n between the containing walls and the bed of so l i d s . 



Experiments on fluidization carried out at an elevated temperature showed 

that at gas rates just ahove the minijnum fluidizing velocity the temperature 

gradient across the bed m s very lai^e» 
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This shows that the agitation of the "bed at these lov/̂  velocities iŝ  very-

slight. 

Figure 6.2 shows the temperature gradient variation in the bed with change 

in the gas rate. This gradient was measured between thermocouples five inches 

apart, the thermocouple indicating tlie lowest value being located one inch above 

the gas distributor through which the cold gas was fed into the bed. The 

teii5>erature indicated by the top themocouple remained constant at 

during the test, only the temperature in the bottom of the bed varying. 



Figure6,2 

^ The correlation of the bed temperature gradient with the gas velocity and 

fluidixation if better shoi^ by plotting the variation of temperature gradient 

with gas velocity on the same ^aph as that showing the plot of pressure drop ' 

over the bed against the gas velocity, Figure 6.3 shows this plot. 
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Tliis indicates that the temperature gradient over the bed reaches a 

minimum at a gas velocity about five times the minimum fluidizing velocity^ 

This decrease in temperature gradient with increase in the gas velocity shows 

the increased bed turnover and gas - solids contact occurring kl the higher gas 

velocities. Measurement of the teii^erature over the bottom inch of the bed 

showed a rapid drop in temperature in this portion of the bed, the temperature 

at the distributor plate being about 130 to 200oC lower that the ten^erature in 

the body of the bed* 



For eff ic ient heat transfere, unifoim bed temperatiares and iinifoim bed 

composition i t i s necessaiy therefore to operate with gas velocit ies greater 

than five times the minimum fluidiz ir^ velocity. 



CHAPTER VII 

The Defvelopment <fe Description of the Apparatus 

The general ari-angement of the apparatus used in the following experiments 

is shown in Figure Im^* 

The apparatus was set up so that chlorine, nitrogen, cait>on monoxide, 

caxbon dioxide and titanium tetrachloride, either separately or in combination, 

could be metered into the reactor in which chlorine was reacted with rutile and 

cai^on under controlled conditions to f o m titanium tetrachloride and the oxides 

of carbon. This gas mixture then passed throi:igh the condensation system, in 

•s^ich titanium tetrachloride was condensed, to the liquid separation system to 

remove entrained liquid titanium tetrachloride^ before i)assing to the stack. 

The rate of the reaction was determined by measuring the rate of 

condensation of the titanium tetrachloride, making SLllov/ance for the amount of 

this material in the tail gas, which was sampled for analysis and the temi)erature 

ejid the flow rate measured. 

Nitrogen and caibon dioxide were metered to the inlet of the reactor from 

the reducing valves at the cylinders, the flow mtes being controlled by needle 

valves located in the lines before the meters. 

Liquid chlorine from a ten pound cylinder was passed to a coil of quarter 

inch diameter copper tubing immersed in hot water and the gas foimed in the 

coil was cooled and metered into the reactor. The flow rate was controlled 

by a needle valve located after the evaporating coil. The flov/ rates were 

checked against the total weight of chlorine used during the run. 
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Titanium Tetrachloride was supplied to the reactor as the vapour^ The 
liquid from the reservoir was metered through a flowrator and passed into the 
stream of chlorine and nitrogen in the manifold, and thence through an 
evaporating coil immersed in oil held at 200^. The mixture of gas and vapoiar 
then passed to the reactor^ 

The meters used in the measurement of the gas flow lutes to the reactor 
were Fisher and Borter 'Flowrators* calibrated for the particular gas on which 
they were used# These calibrations were checked from time to time, and 
provided the floats were kept clean no variations occured. 

Reactor 
The reactor was origionally set up as shown in Figure 7^2. Althou^ 

alterations vrere made to this apparatus in the li^t of experimental operation, 
the basic design of the apparatus was not radically altered* 

The reactor tiibe 'a* consisted of a two and one quarter inch diameter fused 
silica tiibe thirty inches long heated by means of a 1,37 kW resistance heater. 
The heater 'b' was wound from 22 Brightray C wire on the bottom twelve 
inches of the tube imbedded in Alfrax cement. The reaxjtor tube was initially 
lagged with three inches of slag wool contained in a copper sheath. This 
was later changed to •Veimicxilite', aii exploded micaceous material, which was 
found to give much better service, 

" " 

i 

The bottom of the reactor was constructed from nickle, and consistedof a 
bottom plate 'o' clamped to the ground end of the silica tube by means of spring 
loaded tie rods, and the base section »d' which carried a poirous distributor 
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p l a t e a gas i n l e t txibe ' f * , a pressxare t a p 'g* and a s i l i c a theimocouple 

sheath ' h* . The gas d i s t r i b u t i n g disc \ised was a No»46 g r i t carborundum 

grinding -vAieel sea led in to the n ick le support r ing by ' l l i s co lu te ' pz^rcelain 

cement. The distrd.butor was found to give s a t i s f a c t o r y se rv ice \inder most 

conditions* 

The knockout drum a t the top of the r e a c t o r , which served t o separate 

the l a r g e r entrained p a r t i c l e s from the gas stream, was constructed from a two 

l i t r e pyrex f l a s k f langed a t the neck t o f i t the s i l i c a tube. The f l a s k was 

wound with a res is ta i ice winding • and lagged with magnesia a sbes to s . 

The sea l s of the bottom p la t e and the knockout drum t o the s i l i c a tube 

were o r ig iona l ly made by means of one s ix teen th inch asbes tos mi l l -board 

impregnated with sodiimi s i l i c a t e , but t h i s was found to be unsa t i s f ac to ry and 

the j o i n t i n g mater ial was changed to one t h i r t y second *Salamanderite' smeared 

with s i l i c o n e grease. This gave s a t i s f a c t o r y serv ice . 

The above r e a c t o r design feave t rouble with leaks a t the j o i n t between the 

s i l i c a tube and the bottom nickle d i s c , and i t was found impossible t o obta in 

an e f f e c t i v e sea l under a chlorine and t i tanium t e t r ach lo r ide atmosphere a t 

temperatures i n the range of 700 t o 9 0 0 ^ , » 

To avoid the above d i f f i c u l t i e s and dismsaitling the lagging sheath t o do 

a^y work on the reac to r tube , the r eac to r and heating system were recons t ruc ted 

as shown i n Figure 7»3* Ii^ t h i s design a sepamte r ad ian t hea ter was used t o 

heat the r eac to r and the base of the r e a c t o r was adtered to remove the j o i n t 

between the bo t taa p l a t e 'c* and the r e a c t o r tube 'a* from the heated zone. 



In the initial design of the reactor the temperature of the reaction zone 
•was controlled "by a Cambaridge Oi>-Off Controller operating on the power supply 
to the heating element, and actuated by means of a thermocouple in the centrally 
placed sheath* A ten amp Variac was included in the electrical circuit to 
provide a wider irange of control than would otherwise have been possible* 

In the modified apparatus the location of the control thermocouple was 
changed to the annular space betrreen the reactor tube and the heater a^was 
found that temperature lags were too great if the couple was placed in the 
centre of the bed» The bed temperature was then meas\u?ed at two points in 
the centre of the bed and recorded by means of a Brovm "Electronik" multi-point 
recorder* The control of the bed temperature was acheived by setting the 
control point of the Cambridge Controller at a value to give the desired bed 
temperature as indicated by the couples located in the bed. These couples 
were placed four inches apart the lovrest being one inch above the gas distributoD 

In experiments in which it was desired to vary the bed temperature during 
the run, the reactor was raised to the desired peak tenqperature and then 
cooled by blowing air through the annular space between the heater and the 
reactor tiibe* By control of the flow of air and the energy injjut to the 
controller accurate control of the cooling mte was obtained. 

Cyclone 
The cyclone for the removal of solids carried over from the reaction zone 

before the gasses passed to the condensation system consisted in the origional 
apparatus of a two litre conical flask fitted witli a tangential inlet* This 
was found inadequate, as entrained solids clogged the top of the condenser. 



A s ize analysis of the sol ids ca r r i ed over from the reac tor sliowed t ha t 

the l a rge s t pa r t i c l e s were of the order of 100 micix>ns i n diameter vihlle 

by weight were below 10 microns, BmSfo belo\T 5 micrDns and Z/o below 1»5 microns. 

A well designed cyclene can be expected to give e f f ec t ive removal of p a r t i c l e s 

down to about f i v e microns, the above f igu res siiowed tha t t h i s separation would 

give about separation of the entrained mater ia l , Accorindgly a cyclen^ 

shown i n Figure 7»4 was designed to operate with an i n l e t ve loc i ty of approx. 
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A t e s t of the cyclone using coke as the entredned mate i la l showed tha t the 

l a rges t pa r t i c les i n the exi t gas were of the order of 5 microns, indica t ing 

tha t the cyclone reached design perfoimance. The cyclone a t a l l times 

operated s a t i s f a c t o r i l y . 

As shown in Figure 7 . 4 the cyclone and sol ids receiver were heated 

e l e c t r i c a l l y to prevent condensation of t i tanium te t racl i lor ide and was 

connected to - the condensation of system by means of g lass b a l l and socket 

jo in t to allow f l e x a b i l i t y on se t t ing up the apparatus* 



Condensation System 

The condensation system used -was simple and consisted of tv̂ o condensers, 

a thirty inch Leibig condenser and a thirty inch Davies double wall condenser 

used in series* These condensers gave complete cooling of the gas and vapour 

mixture, as welllas allowing variation in the condensation conditions* 

Liquid Separation System 

Figure 7.5 shows the first of several liquid separation systems tried and 

found to be \xQsatisfactoiy» 

The gas passing to the condensation system condists of titanium 

tetrachloride vapour, caibon dioxide, carbon monoxide and chlorine. On 

cooling this gas liquid titanium tetrachloride is formed and the gas leaving 

the condenser is saturated with titanium tetrachloride vapour. The problem 

of separating the condensed liquid and the gas is complicated by a fog of 

titanium tetrachloride foiroed by the rapid cooling of the gas "v^ch has to be 

separated if accurate measuronent of the rate of reaction was to be made. 

This fog also contained solid ferric chloride particles •vriiich pi^sented 

difficulties dae to their deposition as a sludge in sections of the separation 

apparatus which resulted in blockages. The operations required for the 

successful performance of the separation were therefore twofold; the 

disengs^ging of the liquid titanium tetrachloride from the gas stream and the 

separation of the titanium tetrachloride - ferric chloride fog. 
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Figiare shows the first of the modifications designed to remove the fog® 

^Vhile this apparatus operated satisfactorily for the separation of the liquid and 

gas and gave some separation of the fog; the entrance of the cyclone was blocked 

by the formation of a plug of ferric chloride* 
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A baffle system was introduced in the liquid separator as shown in Figure 7»7 

in an effort to remove the ferric chloride, but this did not prevent the formation 

of blockages at the entrance to the cyclone. Placing a cyclone the same size as 

that used for the solids separation after the baffle section alleviated the 

blockages sufficiently to allow successful operation during the run. 

Most of the ferric chloride collected in the first cyclone, which also 
t 

removed some fog, allowing the second cyclone to operate successfully for the 

separation of the fog» Very little titanimn tetrachloride collected in the 

traps placed after the small cyclone or in the gas line to the stack 

indicating fairly efficient rem.oval of the fog® 

Trouble again occurred with blockages of ferric chloride in the runs in 

which nitrogen was introduced with the chlorine feed and it was again necessaiy 

to redesign the separation system^ 

In the new systen the gas was scrubbed with liquid titaniijm tetrachloride 

which removed both titanium tetrachloride and ferric chloride, and the 

equipment used for this operation is shown in Figure 7,8« 
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In this apparatus the scrubber and the U seal was first filled Ydth 

titanium tetrachloride, and as the fog was removed the separated liquid flowed 

to the measuring burette* Satisfactoiy operation was obtained with this 

system^ 



' « 

Measurement of the Rate of Reaction 

The r a t e of react ion was detemined "by measuring the r a t e of condensation 

of t i tanium te t rach lor ide• The f i r s t of the systems used i s shcmn i n Figure 7*3 

In t h i s apparatus the l i q u i d draining from the condenser was col lected i n the 

bure t te and the r a t e measured by timing the r i s e over a knomi volinne. V/hen the 

bure t te was f u l l the l i qu id was d'rained in to the receiver throvigh the stop-cocl<^ 

This p r inc ip le operated s a t i s f a c t o r i l y f o r the measurement of the r a t e , 
* 

but f a i l e d due to inab i l i ty to f i n d an e f f e c t i v e lubricant f o r the stop-cock« 

Figure shows the syphon bure t t e used to give continuous operation^ 

When the bure t te i s f u l l the l iqu id overflowed through the syphon and the cycle 

was repeated* A check on the axscuracy of the system of various flow r a t e s 

showed errors of not more t h ^ plus or minus one percen t . 

Durirg the runs on va r i a t i on of temperature i t was found necessary to make 

the r a t e measvirement automatic in order t o allow one person to s a t i s f a c t o r i l y 

operate the apparatus ajid take gas samples. This was ahheived by using two 

indentat ions i n the bu re t t e as pr:lsms which, as the tube f i l l e d with l i q u i d , 

successively re f rac ted a l i g h t beam away from indicating photocel ls . This 

apparatus i s shown in Figure 7»9« l/7hen the bure t te i s empty the current from 

the c e l l s i s balanced and the meter i s i n the cent ra l pos i t i on . As the 

colLimn of l i qu id r i s e s pas t the bottom s l i t the l igh t beam i s r e f r ac t ed so t h a t 

, i t does not pass to the photocel l and the resu l tan t out of balance current i n 

the c e l l c i r c u i t caused the meter needle to swing against the stop* This 

caused a change of capacitance in the stop which was used t o operate a capaci ty 

sens i t ive switch to cause a s tep to be shown on a recorder cha r t . As the 

l iqu id r e f r a c t s the top l i g h t beam the balance i n the c e l l c i r c u i t was r e s to red , 



ending i;he step on the recorder charts The rate of flow was measiired by the 

length of the step, knowing the volme of the burette and the reooi^r chart 
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For the usual ratvs measured an accuracy of plus or minus was repeatedly 

obtainable. I 

Carbon Monoxide Furnace 

Figure 7»10 shows the furnace "used for the conversion of carbon dioxide 

to carbon monoxide. The reactor consists of a three inch diameter thirty-four 
% 

:^hes long silica tube heated with an external winding of Kanth^ '""A" resistance 

wire embedded in Alf rax ament. The reactor was insulated by diatomaceous 

earth enclosed in a ten inch diameter sheath. Llild steel end plates were held 

to the tube by spring loaded tension rods attached to the lagging sheath. 
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The seals were made with Salanmnderite and silicone grease. The temperature of 

the bed was controlled by a Cambridge or^off controller operating on a thermo-

couple placed in the sheath. The bottom four inches of the tube were filled 

with porcelain chips which acted as a gas distributor and served to remove the 
hot zone from the end plates. 



In the production of carbon monoxide the reactor was charged with crushed 

"Norit" activated charcoal and brought up to the desired temperature under 

fluidixation with nitrogen. Carbon dioxide was then admitted and the carboh 

monoxide formed passed through a dust filter to the titanium tetrachloride reactos 

Using a twenty four inch deep bed of carbon and a bed temperature of 1073^ 

it was found possible to obtain carbon monoxide containing only of carbon 

dioxide at production rates of four litres per minute. At rates of six litres 

per minute the amoijiit of carbon dioxide rose to Higher conversion rates 

could be obtained by increasing the temperatiare, a product containing only 

carbon dioxide being obtained at rates of fourteen litres per minute and a 

temperatiire of 1250®C. It was however impracticable to run at this temperature 

due to crystalization and breakup of the silica tube* 

Preparation of the Charp-.e for Chlorination 

The charge to the reactor unless otherwise stated consisted of a mixt\are 

of rutile and carbon in amounts to give a Ti02 to C ratio of 3«33s1 by weight® 

Rutile beach sand used was supplied by National Minerals Pty.Ltd« and the 

carbon source was petroleum coke obtained from Glen Davis Oil Refinery, 

Petroleijra coke was selected because of its very low ash content which simplified 

the materials balances and made possible the estimation of carbon in the 

residued by ignition. 

The petroleum coke was ground in a Br&imd mill, size between 48 and 200 mesh 

by screening and elutriated with air to remove the fines. The coke was then 

roâ Jbted at SOO^C in a bed fluidized with nitrogen to remove volatile materials® 

The proximate analysis of the cpke after roasting was: 



73i 

Volatile and Water 2,02/̂  
Fixed Carbon 97»83; 
Ash 

The rutile sand was received as a closely sized material falling in the 
size renge of 60 to 100 mesh» This material was ground in a ball mill and air 
elutriated to remove fines. After grinding the rutile analysed Ti02i» 

The charge to the reactor was prepared from these materials by mixing the 

required amounts in a revolving jar fitted with a set of lifting flights. 

The use of air elutriation to remove the fines was decided on after initial 
runs had been carried out to reduce the loss of rutile and carbon frcra the bed 
due to solids carryover in the gas ftrom the reactor* While this loss frcm an 
unelutriated charge was not great, the errors were in this way reduced to a 
minimum® 

Operation of the Chlorination ATvparatus 
After the apparatus had been thoroughly dried out it was assembled and the 

reactor and knockout drum isolated from the remainder of the system by plugging 
the line to the cyclone* The mixed material was then charged to the reactor 
through the charging port at the top of the knockout drum, power was turned on 
to the heater and the temperature of the reactor raised. During the initiej. 
part of the heating period the voltage on the winding was controlled to î JOV 
by means of the Variac» When the temperature hejd reached about 400^0 the 
voltage was increased to 230V and nitrogen was introduced to the bed at a rate 
to give vigorous fluidization as indicated by the manometer across the bed® 
This served to promote heat transfere, to maintain imiform temperatures 
through the bed and to sweep any water evolved from the charge out of the 
reactor̂  Nittogen was selected to prevent burning of carbon while the charge 
was brought to temperature® During the heating period the knockout drum and 



cyclone system was also brought up to operating temperature to prevent any 

condensation of water in these parts of the apparatus. 

All moisture must be excluded from the apparatus during clilorination as it 

will react with titanium tetrachloride to form the hydroxide and oxj'-chlorides 

which result in blockages in the gas lines® 

When the bed has reached the reaction temperatijre the liquid separation 

system was filled with titanium tetrachloride and the charge port closed. 

Water was introduced to the condensers and the chlorine, and other gas flows 

where these were required, were set at the desired rates® After an interval 

of two or three minutes titanium tetrachloride began to condense and measurement 

of the condensation rate was commenced. 

It was found that the temperature of the bed increased when the 

chlorination was commenced due to the exothermic nature of the reaction, but 

the correct temperature under nitrogen fluidixation to give the desired reaction 

temperature could be judged from experience^ This t«nperat\rre was usually 

about 25^0 lower than the final reaction temperature. 

During the course of the reaction, (all chlorinations being carried out 

batchwise,) the temperature was controlled as described above, whil4 the flow 

rates were controlled maniaalyt Some indication of the course of the reaction 

could be obtained from the manometer across the bed, which as well as 

indicating the nature of the fluidization also indicated the weight of material 

in the bed® 

Gas samples were taken periodically as described below, and the temperature 

and flow rate of the tail gas were measiired® 



When the run was complete, as shown by the negligible rate of condensation 

of the product and the low pressure drop across the bed, the chlorine was 

turned off and the reactor was allowed to cool. While the system was cooling 

it was purged with a slow stream of nitrogen to remove all titanium tetrachloride 

and chlorine. When the reactor was cool the residue of the charge was removed 

by pneumatically conveying it overheat through a tube introduced into the 

reactor through the charging port and the remainder of the system was sealed off 

at the entrance of the cyclone® The unchlorinated charge in the annular space 

between the base of the reactor and the reactor tube was removed by taking off 

the base section* After cleaning the base section of the reactor and remaking 

the joint to the base plate the reactor was again ready for use. Between runs 

the cyclone, condensation system and liquid separation system were kept s^led 

to prevent the entiy of moisture* 

After each run the residues from the reactor, and the annular space tod 

the cyclone were weighed and analysed for carbon and rutile content, and the tob^ 

weights of titanium tetrachloride collected and chlorine used were determined. 

From these values, the measured rates of reaction, and the analysis of the 

tail gas, materials balances were calculated and the rates of chlorine feed 

and titanium tetrachloride condensation checked® 



CHAPTBR VTII 
AnaJjrbical Methods & their Develoiment 

Ar\a3orsi3 for Titanium 

The analysis of rutile was f i rst attempted using a Jones reduotor and 

potentiometrio titration with Ceric Sulphate, This was found to be time 

consuming smd reduction mth zing amalgam was jbried as an alternative. Doubt 

was cast on the accuracy of this method when the reduction was followed 

potentiometrically, complete redaction not being obtained. 
* 

The following pliotometric method was then developed and gave a quick and 

accurate method for the analysis of rutile and titanium tetrachloride. 

In this method the estimation was carried out using the yellow pertitanic 

acid complex fomed between hydrogen per02d.de and titanium. The coloiir of the 

test solution was compared photometrically with a standard containing a kno\7n 

amount of titanium. Conrparisons were made in /̂o sulphuric acid solution iising 

a Cambridge "Uvispeck" spectrophotometer woiking with one centimeter cells and 

comparing at the peak of the titanium absorption band. (410 m/i) 

Tests carried out on the interference of iron and chromium showed that 

iron as PeO would not interfere ^en present in concentrations up to of the 

concentration of titanium dioxide and chromium showed no inteirference when 

present in amounts up to of the amount of titanii.im dioxide in the sample© 

Errors may also occur due to the formation of yellow complexes witli 

hydrogen peroxide by the metals vanadium, molybdenum and cerium which absorb 

at the same band as the titajiiimi con^lex. As, hov/ever, the absolution of the 

vanadium complex i s only one quarter that of titannum at 2j.10 m^. ^ the eiroi*s 



a r i s i n g i f vanadium i s neglected i s only one quar ter those a r i s ing i f the 

es t imat ion i s ca r r i ed out by a redox method* In the est imation of t i t an ium 

i n ores containing l e s s than vanadium pentoxide, the f i n a l e r r o r would be 

l e s s than 

The e f f e c t of t en^ra tu i re on the l i g h t absorption of the complex was 

invest igated and va r i a t ion was found only above about 50°0. The conplex was 

also found to be quite s t ab le witli time, no change taking place over severa l 

days» 

The above method was checked against the conventional redox method of 

analys is of a number of saur ies of r u t i l e a^ ca r r i ed out by a Public Analyst 

and the r e s u l t s were found to be i n good agreement® These r e s i i l t s a re given 

below* 

Sample 

1 

2 

3 

4 

Ti Metal 

Analysis of the Ta i l Gasses 

Fhotometrio 

fo TiOg 

97.2 

91 •O 

97.5 

91.8 

99.6^ Ti 

Redox 

^ Ti02 

97.0 . 

90o7 

97.3 

92.1 

99.5^^ Ti 
(Gravametric) 

The t a i l gas consis ted of a mixture of ch lor ine , t i tanium t e t r a c h l o r i d e , 

carbon dioxide, carbon monoxide, carbonyl chloride and i n some cases niti?ogen 

To obta in a con^lete materials balance on the system i t was necessary to 

determine a l l con^nents and devising a su i t ab l e system which would give 

s a t i s f a c t o r y r e s u l t s quickly proved to be leather a d i f f i c u l t tsask. 



Method 1; Figure 8,1 shows the first apparatus devised for the analysis of 

the tail gas» 

e 

Y 
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lb 

ab 

Figure 8»1 

Chlorine was detemined by introducing one millitre of mercury into a 
* 

biarette containing the gas sample. Chlorine was absorbed to foim the clilorides 
« 

and the volume of chlorine removed was measured by measuring the decrease in 

pressu|«* 
* 

» 

Caibon dioxide and carbon monoxide were detemined on the gas from ̂jrfiich 

chlorine had been removed by absorption in potassium hydroxide solution and 

acidic cuprous chloride respectively^ 

This system was unsatisfactoiy due to the great difficutly in removing the 

mercuric chloride from the absorption bulb. 



Method 2: A s ample of gas was collected in a Winchester fitted with a dip. 
tube and a dropping funnel. One hundred millilitres of 2N NaOH were introduced, 
shaken to absorb the gas and the contents waslied out and made up to a standard 
voliDne. 

Chlorine was then deteimined by adding potassium iodide and titrating with 
sodium thiosulphate* The \anneutralised sodium hydroxide was detexmimd by. 
acid titration in the presence of barium chloride using phenolphthalein as the 

% 

indicator, and the total chlorides was deteimined by titration with silver 
nitrate. 

Fran these titrations and the volume of the sample bottle, the percentages 
of chlorine, caxbon dioxide ajid titanium tetrachloride were calculated, assuming ^ 
no carboiTyl chloride in the tail gas. This assumption was made on the basis 
that at the temperat\u?e of reaction the equilibrium was such that carboiiyl 
cliloride would not be formed. Carbfejn monoxide was deteimined by difference. 

% 

This analysis was fo\and to be unsatisfactory because of the determination 
of carbon monoxide by diffei-ence and some do\ibt as to the presence of 
caibonyl chloride in the gas samples taken. 

» 

Method 5; In this method chlorine was estimated by aspirating a known volume 
of gas through a solution of potassium iodide, chlorine being determined on the 
liberated iodine, and deteimining carbon dioxide and carbon monoxide on the 
aspirated gas by the orsat analysis. 

When the materials balances on a number of runs were calciilated the method 

•was fo\md to be insufficiently precise, as it appeared that the estimated 

values of caibon dioxide were 1O\T, probably due to the solution of the gas in 



the potassium iodide solution.̂  

Method 4; In this method the analysis m s carried out on two sets of sauries 

collected in evacuated "bottles. Three samples were collected for the 

determination of chlorin® , carbonyl chloride and titanium tetrachloride, and 

three for the detemination of cait>on dioxide, caxbon monoxide and nitrogen* 

Figure 7«1 shows the system used for the collection of the sauries* 
« 

For the analysis for chlorine, titanium tetrachloride and carbonyl chloride 

gas samples -were collected in evacuated bottles as shcy/n in Figure 8«2* The 

bottles were enclosed in a light tight bag to prevent the photocatsilysed reaction^ 

y 
Cori>on O/ O X idc 

£ 

Cordon MonO}(.id<i 

Sam^/e 7ul>eS. 

Ch/or/nc Samp/e 

CO + CI2 -IS*- ceci2 

occuring in the collected sample 0 The pi^ssure in the bottle prior to 

sampling was measured by a manometer in the line between bottle and the vacuum 

pump, and knowing the volume of the bottle, the volume of the collected san^le 



WB-s determined. 

Fifty millilitres of 2N NaOH were introduced into the bottle throu^ the 
funnel and the mixture allowed to stand while the gasses were absorbed to form 
NaOGl, NaCl, lTa2C03 and Ti (0H)2̂  The solution was then filtered the residue 
was washed with a ̂ fo solution of sodium nitrate and the filtrate made up to 
250 ml. in a standard flask. The titanium hydroxide on the filter paper was 
washed with ammonium nitrate solution, ignited and weired as Ti02, from which 
weight the amount of TiCl/j, in the sample v̂ as calaulateO.. 

An aliquot of the filtrate v/as trea-ted with potasssium iodide, acidified 
with hydrocliloric acid and the liberated iodine titrated with sodium thiosulx3hate 
which result gave the free clilorine in the sample. 

A second aliquot was treated with hydrogen peroxide to reduce the 
hypochlorite to the chloride. Nitric acid was added, the solution boiled to 
destroy all the hydrogen peroxide and neutralised using solid calcium carbonate. 
The total chlorides were then estimated bj'- titrating with silver nitrate using 
pot©.ssium chromate as the indicator. Knowing the amounts of free clilorine 
and tits.nium tetracliloride in the sample the amount of carbor̂ rl cbJ.oride vfas 
calculated. 

At the completion of the runs on variation of rate Ydth temperature, the 
amoujut of titanium tetrachloride in the tail gas as deteirnined by the above 
method was checked against values determined from the tempera.ture - vapour 
pressure relation ship and foujid to be slightly low. This was in the expected 

direction of a,n̂  errors in the determination, and on these higher values for 
^ • / 

/ ^ 

titanim tetrachloride in the tail gas the carbonyl cliloride figu3?es were reduced 



For the analys is of the t a i l gas f o r cai^on dioxide, cai^bon monoxide and 

ni t rogen, the ch lor ine , t i t an ium te t r ach lo r ide and cait)onyl ch lor ide were removed 

frcxn the sample by passing the gas stream throiigh a tube containing wei? 

potassium iodide c i y s t a l s and then through a solut ion of potassixom iodide , A 

continuous slow stream of gas was drawn through the system t o keep the potassium 

iodide so lu t ion in caibon dioxide equilibrium with the gas stream and so eliminate 

e r rors due t o the solut ion of t h i s component. The grea t bulk of the ch lo r ine 

and t i tan ium te t rach lor ide were removed i n the tube packed with wel? potassium 

iodide c r y s t a l s , the so lu t ion serving mainly t o remove the t r aces of c h l o r i n e , 

iodine or t i tanium t e t r ach lo r ide car r ied forward frcan the absorp t ion tube . 

Caibonyl ch lor ide was a l so removed frcan the gas by the r eac t ion 

COClg + 2KI K31 + I2 + CO, 

Ytoch, i n decomposing the COOI2 foimed by the photocatalyiiic reac t ion i n t h e 

t a i l gas a f t e r the gas leaves the reac tor , gave the co r rec t concentrat ion of 

carbon monoxide foraeactor condi t ions. 

San^les eo co l lec ted were analysed f o r carbon dioxide, oxygen, caibdn 

monoxide eind n i t rogen using a modified F i sher apparatus. In t h i s analysis small 

amounts of carbon monoxide were determined by absorption i n ac id ic cuprous 

chlor ide so lu t ion , Ydiile l a r g e r concentrations were determined by explosion with 

oxygen and absorpt ion of the carbon dioxide so forrned i n potassium hydroxide. 

Nitrogen was determined by d i f f e r ence a f t e r allowing f o r the small amounts of 

a i r present i n the sauries due to inccmplete evacuation of the - sample b o t t l e s 

and leaks i n the evacuated systems. This a i r was determined as oxygen. 
« 

This method of analys is proved to be s a t i s f a c t o r y , and save r e l i a b l e 

ma te r i a l s balances . 



CHAPTER DC 

Experiments to Check the Operation of the Appai-atus and 
the Feasab i l i ty of the Fl\n.d Bed Chlorinat ion 

Preliminary experiments were made to t e s t the f e a s a b i l i t y of c a n y i n g out 

the, ch lor ina t ion of r u t i l e i n the presence of carbon i n a f l i i i d bed, t o t e s t t he 

apparatus as shorn i n Figure 9*1 under operat ing condi t ions , and^to check the 

a n a l y t i c a l methods to be used. 

I t was hoped as well to obta in some idea of tlie r eac t ion condit ions under 

vvhich f u r t h e r experiments should be car??ied out« 

h. I k g -
a. Reacior 

C. Condenser 

d. LiOuid Sizparcrfor 

f Burefte 

e. ScruLbtn^ To^r 
f. MOH Resey/oir 

Hcod Tpnk. 
k o.ri,ri 
i ConiroUen. 

Ch /orinQ~hi on Apporpr^us 

Or'/^i'naf Arron^m^nf. 

'a tor & 
i re t te 
rwer 
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Run 1; 530 grams of grotmd r u t i l e and 220 grems of ground wood charcoal were 

char^ged t o the reac to r and the temper8.ture r a i sed \mder n i t rogen f l \ i id iza t ion» 

VS/hen the temperature had resxihed approximately 7 0 0 ^ chlorrlne was admitted arid 

^vhite fumes of t i tanium t e t r ach lo r ide observed i n the l i q u i d r ece ive r . 



Sl^ 

I t was found necessaiy to stop chlor ina t ion a f t e r a few minutes, a "blockage 

forming ^n the rece iver due t o the react ion of the t e t r a c h l o r i d e with mois ture . 

liThen the apparatus was cooled i t wajs a lso found tlaat l i qu id t i tanium te t rachlor ide 

had co l l ec ted i n the \inheated cyclone^ During the ch lor ina t ion l a r g e amounts 

of charcoal had c a n i e d from the bed in to the c j^ lone and condensation system. 

A second bloclcage occuring during pui^ging resi i l ted i n burst ing of the cyclone* 

Run 2t The apparat\is was setup t o include a l u t e i n the gas l i n e t o the 

r e a c t o r and a r e s i s t ance heater of the knockout drum and cj'cloneo Met£illi;o:gical 

coke was u s ^ i n p lace of charcoal , as the l a t t e r gave a la ige percentage of 

f i n e s on grinding. Chlorination was commenced a t 7 0 0 ^ and t i tanium 

t e t r ach lo r ide began t o condense a f t e r about ten minutes. Approximately 200 gnns 

of l i q u i d was co l l e c t ed i n eighty minute^. 

Runs 3 & 4: These were ca r r i ed out t o f u r t h e r t e s t the apparatus and i t was 

found t h a t the t a i l gas scrubber was unsa t i s fac to ry due t o recurrent blockages. 

I t was decided to vent the t a i l gas t o atmosphere. 

Run 5: Chlorine was turned on a t 450^0 and a t 500^ white fumes of t i t an ium 

t e t r ach lo r ide were observed. At 750^ the reat ion r a t e ws.s found to be much 

f a s t e r than had been an t i c ipa ted , r e q u i r i n g a l a rger ch lor ine flow meter , and 

the r a t e measuring se t up used was found to be useless due to i n a b i l i t y t o 

l ub r i ca t e the stop-cock. 

Run 6; This was c a r r i e d out using the syiiion b u r e t t e (Figure 7«6) v^ich was 

found t o be inoperable as i t d id not syphon due to a large bore syphon tube. 

A leak also occured a t the base of the r eac to r . 



Run 7; The apparatus was se t up iising Salamanderite and sodium s i l i c a t e as t h e 

jo in t ing m a t e r i a l . The syphon tube had been modified and found to be 

s a t i s f a c t o r y . During the run blockages occured, the base of the reac tor leaked 

and the heat ing element of the reac to r burned ou t . 

Run 8; The r eac to r was se t up with a redesigned base as shown i n Figure 7o3# 

althoiogh a t t h i s stage in the development of the apparatus the heat ing element 

was s t i l l placed on the res-ctor tube . Af t e r the j o in t a t the top of the r e a c t o r 

ws-s twice remade t o d;op a leak chlor lna t ion was ca r r i ed out a t 7 5 0 ^ a^id a 

chlor ide feed r a t e of gms/min. etnd the apparatus i>erformed s a t i s f a c t o r i l y . 

Run 9: This was ca r r ied out a t 850^ and a chlor ine i ^ t e of 13 gm/min. on a 

charge containing 700 grams of r u t i l e and 300 grams of coke. A chlorine 

conversion of 80^ was achieved. 

A f t e r a run of f i f t y f i v e minutes a blockage occured a t the top of the 

condenser due to s o l i d s car r ied through the cyclone. 

Size analysis of the sol ids by means of s e t t l i n g and measxarement with a 

microscope gas the following va lues . 



Table 9«1 

I ^ r t i c l e Size of Entra.ined Solids 

Bsirticle Diam. 
Micrx>ns 

Cumulative ViTeight 

0.7 
2 .5 
5.5 8»6 

10.0 12.4 
35.0 18^5 
63.0 
92.0 57«3 

106.0 100.0 

From these i t was decided tha t a redesigned cyclone coiaXd be used to remove 

between 88 and ^ f̂o of the entrs-ined solids* 

Analysis of the residiies An the reactor was carr ied out f o r carbon and 

r u t i l e using a va r ie ty of methods to determine carbon, of which the semi-micro 

method f o r carbon i n organic compounds was found to give the most sa t i s f ao to iy 

results© The Jones redactor was used f o r the deteimination of r u t i l e , but as 

discussed above was not considered to be r e l i a b l e . The mater ia ls balances 

calculated on these analysis were not satisfactoiy® 

Run 10; The apparatus was se t up with the modified cyclone and chlor inat ion 

was carr ied out a t a chlorine r a t e of 33 gn/min., a t 9 1 0 ^ , In a run l as t ing 

twenty f ive minutes 675 gms of titanium te t rachlor ide was formed. The new 

cyclone and j^paratus gave generaly sa t i s fac tory operation a t t h i s higher feed 

r a t e , but trouble with the carryover of l i q u i d in the form of fog re su l t ing i n 

l iqu id col lec t ing in the t a i l gas l ine was more pronounced than i n previous 

runs. A t a i l gas cyclone was made in an e f f o r t to prevent t h i s . 



In this run analysis of the ta i l gas was attempted by Method I "but was 

foiand to he \msatisfactoiy« As a resiilt of the dif f iculty encountered in 

the analysis of the chlorination residues, -srfiich were largely due to the 

presence of the ash from the coke, i t was decided to use calcined Glen Davis 

petrole\:ira coke which had a negligible ash content. 

RmJM: was started to test the modifications made to the separation system 

after run ten but was discontinued when a chloidne leak developed at the 

bottom of the reactor. This was found to be due to a crack in the reactor 

tube, thought to be due to the direct heating of the si l ica tube. AccorxiLngly 

the furnace was redesigned as shown in Figure 7#3 using a radient heatir^ 

furnace. 

Run 12; was carried out to check the operation of the new apparatus, and apart 

from the control theimocouple which was relocated in the annular space between 

the heater and the furnace and the tai l gas cyclone which develpped a blockage, 

the equipment was satisfactory. 

Run 13: This run was carried out to further check the apparatus and the 

ch«nical analysis required. 

Chlorination was carried out on a charge containing 7^0 ©ns. of xiitile and 

2i{D gms. of coke at a chlorine rate of 29 gms/min., and a bed temperature of 

970®C. For a run of 2*0 minutes 1453 gnas. of titaniian tetrachloride were 

fomed analysing of TiCJl̂  and 0.052^ FeCl3. The iresidue in the reactor 

weighed 125 ^ns. containing Ti02 while the cyclone residue was 26 gms. 

containing Ti02» From these figures Qk-̂ Ŝ o of the charge was chlorinated 

and an overall chlorine efficiency of 85^ was obtained. 



Analysis of the tail gas by Method II gave ClziO.Cfo, 002x22.6% and 

From the data available in the literature these values seemed 

satisfactory. 

Towards the end of the run a blockage began to develop in the inlet to the 

tail gas cyclone. 

Runs 14 <& 15: were carried out to further check the operation of the apparatus 

and the analysis of the tail gas. It was found that all the apparatus esrcept 
at 

the tail gas cyclone was satisfactory; this operated effectivly/the start of 

each run, removing most of the fog and giving figures for titanium tetrachloride 

in the gas in good agreenent with those deteimined from the temperature vapour 

pressure data for a gas saturated at the condenser temperature, but as the run 

progressed a build up of ferric chloride occurred at the entrance of the tail 

gas cyclone resulting in bypassing of gas through the liquid seal and carayover 

of liquid titanium tetrachloride. Poking out this blockage during the run 

proved ineffective and further modifications were necessary. These were made 

as described under the next series of experiments. 

Analysis of the tail gas carried out by Method II gave the following 

results: 



Table 9»2 

Tsdl Gas Analysis 

Run Sample Gl2fo C02 fo CO fo 

14 1 Oo6 32.2 2 . 4 
2 14.0 36.7 2 . 4 
3 88o7 4.8 2 .2 

13 1 1.2 29.4 67.3 2.1 
2 3 .9 47.7 45.2 2.2 

These values seemed s a t i s f a c t o i y although they could not "be checked hy 

mater ia l s balances due to the absence of measurements of t i tani i jm t e t r a c h l o r i d e 

r a t e over the ends of the runs» 

Discxission of t he Results of Runs 1 to 15 

These experiments demonstrated the f e a s a b i l i t y of caxiying out the 

ch lp r ina t ion of r u t i l e i n the presence of ceirbon i n a f l u i d bed. Observations 

showed the r eac t ion to cominence a t about > the r a t e increasing with 

temperature t o 9 5 0 ^ which was the highest temperature reached® I t was shown 

t h a t high chlor ine conversions could be obtained a t chlorine v e l o c i t i e s f a r i n 

excess of the minimum f l u i d i z a t i o n ve loc i ty . Analysis of the t a i l gas from 

the r eac to r shows tha t the reac t ion takes place t o f o m both carbon monoxide 

and carbon d ioxide . 

The appara.tus as o r ig ina l ly designed was diown during these experiments 

to be \msa t i s fac to iy i n many r e spec t s . The ireactor needed modi f ica t ion t o 



alloys effective sealing of the bottom joint and was redesigned as discussed. 
The method of heating the reactor was altered to reduce the chance of cracking 
the silica tube and to allow easier dismantling of the reactor. 

It was also found necessary to use a more efficient cyclone, to increase 
the capacity of the chlorine meter and to use a lute in the feed line tp protest 
the apparatus in the case of blockages. 

Accurate measurement of the titanium tetraciiloride rate was found to be 
difficult due to fog formation in the condenser, fog had to be removed. 
This proved difficult due to the presence of ferric ciiloride particles in the 
fog "vrfiich clogged the separation cyclone, which, until these blockages occurred 
operated effectively. Modification of the rate measuring biorette was also 
required. 

After these alterations had been carried out the apparatus was considered 
sufficiently reliable for successful operation. 

After runs with wood cliarcoal, metallurgical coke and petroleum coke the 
to 

latter was foun^fulfill all requirements giving simple materials balances and 
analysis, complete analysis of the residues for titanium being unnecessary. 

The sinalysis of the tail gas was attempted and after the first method used 
was rejected the second was at the time thought to be satisfactory. 

From the results of these runs it was concluded that the apparatus and 
analytical methods were siifficiently reliable to proceed to experiiTients to 
determine the optijnum conditions for chlorination. 
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CHATTER X 
The Effect of Variation of Bed Depth and Chlorine Feed Rate 

on Reactor Operation 
The effects of change in bed depth and chlorine rate was determined in one 

series of experiments by runs at different chloidne î tes with temperature and 
chaise held constant, measiiring the rate of resection and weight of mateilal in 
the bed as the run pixx;eeds« Correlation of the reaction rate with the vfei^t 
of material in the bed for each run ̂ owed the effect of variation of the rate 
with bed depth, while the correlation of the separate runs showed the effects 
of cliange in the chlorine irate» 

In these experiments the rate of reaction was measured by the rate of 
condensation of titanium tetrachloride as described, and the weight of material 
in the bed at any time by the pressure drop over the bed. Pour gas saimLes 
were taken in each run to give an even distribution over the run^ Analysis of 
the residues of the chlorination then allowed an overall materials balance on 
Ti02 to be calculated for the run, and for chlorine at the time at which the 
gas samples were taken. During these runs the temperature vra-s held at 950^, 
and all runs were carried out on material prepared in bulk before the 
commencaiient of the series. In this way variations due to the chaise v̂ ere 
eliminated. 

The supply of charge for the reactor for tliese experiments, "vrfiich vrere 

designated Series lb, was prepaî d as described in chapter five, and carbon 
and rutile were used in the ratio of one mole of titanium dioxide to two moles 
of carbon, that is the stiochicmetric amount for the founation of carbon 
monoxide as the only reduction product. The materials xised in the preparation 
of the charge had the sieve analysis shown in Table 10.1, These analysis 
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gave an average particle diameter of O.OO566 ins, and O.OO37 ins- for loitile and 

cait>on respectively. The rutile prepared for the cliaî e analysis Ti02 

and the carbon analysed 2o02^ volatiles and water, fixed carbon and 0,15^ 

ash® The prej^axed chaise analysed l^Sfo rutile. 

Table iO«>1 

Sieve Analysi of Material used in Ebcperiitients Serâ es lb 

Tyler Mesh Rutile Carbon Tyler Mesh 
by weight 

• 65 0.0 8.0 
100 50.0 
115 72.0 7O0O 
150 89.1 
200 93.0 93.5 

- 200 IOO0O 100.0 

The apparatus as finally'' developed in Runs 15 Series Ja m s used in runs 

1 to 4 of this series and further modifications were then made as described 

below. Analysis of the tail gas was carried out by Mdthod 2 in Runs 1 & 2. 

In run 2 the gas samples were taken in a conical fla.sk without provision to 

exclude light and chlorine and caibon monoxide in the sample reacted to fom 

carbonyl chloiia.e. It was decided that tMs method vras unsatisfactoiy and 

succeeding analysis were carried out by Method 3o 

Experimental Results 

The results of ezpeidmental chJ.orinations rtins 1 to 7 are shown in 

Tables 10.2 to 10.8. 

During the first two nms the chlorine rate was found to be unsteady as the 

gas delivery rate from the cylinder was low. This was con^ted by heating 
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tlie cylinder in water» The acciiracy of the chlorine flov^ meter was checked 

against the weight delivered fran the cylinder and deviations of not more than 

plus or minus two percent were found on the indicated figures. In run three 

the unsteady rates mentioned above gave results which could not be correlated. 

The operation of the heating furnace and reactor was satisfactory. 

Table 10 2̂ 
Char̂ .e 750 gm. Temperature 950^ Chlorine Rate 23.3 pTiy/min. 

Run 1 

Time 
Run 
Min. 

P.D. 
cm. CClî  

1 
TiClL Rate m/min. Ti02 

Remov. Rate^ 
Vfei^t 

Ti02 in 
Bed f^o 

Sample 
Time 
Run 
Min. 

P.D. 
cm. CClî  Measured Total * 

Ti02 
Remov. Rate^ 

Vfei^t 
Ti02 in 

Bed f^o 
Sample 

5 17^0 25.6 25̂ 9 10.9 453.5 1 
10 15.0 24.0 25.9 10.9 399.0 2 

15 25.9 10.9 344.5 
18 13.0 24.5 3 
19 10.5 24.5 
20 10.6 24.4 25.7 10.7 2 9 0 o 5 

23 9.3 21^1 
25 24.8 10.4 237.8 
28 6.6 22.3 23.6 9.9 212.5 
30 6.0 20.7 22.2 9.3 188.2 4 
35 5.3 17.7 19.3 80I 144.5 
38 4.7 17.5 
hp 4.0 15.0 16.3 6.9 107.5 
43 13.4 5.6 76.7 
50 3.2 10.2 10.6 4o5 51.3 

Gas Analysis 
Sample ^02 po f^iDlh. 

1 12.4 30.7 56.1 1.8 
2 4.2 39.9 45.4 10.5 
3 11.6 36.7 4B.9 2.8 
4 11.1 32.2 4£.8 9.9 

Residues 
Reactor 98 •5 gni. 
Cyclone 5*5 gm. 
Annulus 63.0 gm. (Averaged from l^ter 

— —xun 
Wt. of TiCl̂ ^ collected 112? gm. 

* Calculated from smoothed cimres 



Table 10»3 

Chartye 750 m^ T^nperature 930 - 9 7 5 ^ 
Chlorine Rate 32.5, 

Run 2 

Time 
Run 
llin» 

P.D. TiCli^ Rate ffm.ymin. Ti02 Removal 
^ Rate 

^gVmin. 

Weight 
Ti02 i n 

Bed f̂ n 
Sample 

Time 
Run 
llin» cm. CClij. Measured Total 

Ti02 Removal 
^ Rate 

^gVmin. 

Weight 
Ti02 i n 

Bed f̂ n 
Sample 

1 29.7 
37»8 39.0 16 .4 4?i.3.3 

6 17.5 36 .8 38.0 16.0 411.3 « 1 

7 36O3 37.3 13.8 393.0 
8 16.2 36.3 31.7 13.9 378.8 

10^5 14.3 36.8 38.0 16.0 330 .4 * 2 
12 37.6 38 .8 16^3 306.2 
13 13^3 36.3 37*7 13.9 290.2 
16 11o2f 29.3 36.3 13.3 243.6 
18 10.7 33^1 A4.3 14.3 214.6 
19 31.8 33o0 13.3 200.6 3 
20 Blockage occurred & Shut Down f o r 1 minute 

21 7o0 29.0 30.2 12.7 173.4 
22 6 .6 26.2 27.3 11.6 

23 6 . 2 26.2 4 

Gas SamDles Taken 
These sanroSies were not analysed due to the react ion of the ch lor ine and 

cartoon monoxidein the samples to form carborxT'l chloride• 

Residues 
Reactor 247 gni® 
Cyclone 4 

Wt. TiJCJl̂  c o l l e c t e d 880 gm^ 
Calc'd Chlorine Rate 32«8 gin/min» 
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Chaise 750 m* Temperatvii-e 970̂ 0 Chlorine Rate IjO iWrnln^ 

Ran 5 

Time 
Run 
min» 

P.D. TiDlii. Rate Ti02 Remov» 
Rate 

pjiv/min. 

Y/eight 
Ti02 in 
bed gm® 

Time 
Run 
min» cm.CClî  Measured Total 

Ti02 Remov» 
Rate 

pjiv/min. 

Y/eight 
Ti02 in 
bed gm® 

2 36.7 fo CI2 fo CO2 fo CO2 
4 39.6 
6 45.5 12,8 27.6 59.6 
7 17 43.6 
9 16 hO.6 

13 13 35.8 21.4 30.4 
15 12 37.0 
17 12 37.8 21.4 31.0 47̂ 6 

Reactor Residue 268 gm» 69*0̂  Ti02 
Cyclone Residue 9«5 
Annulus Residue 81 o5 gnî  

TeJole 10^5 

Charĵ e 730 Temperatiire 9̂ 0 Chlorine Rate k2 gnv/min« 
Run 4 

Time 
Run 
min« 

P.D, 
! 

TdOlL Rate p?n./rain. Ti02 Remov. 
Rate 

p?n/min. 

Weight 
Ti02 in 
bed gm. 

Time 
Run 
min« cm. CCl2̂  Measured Total 

Ti02 Remov. 
Rate 

p?n/min. 

Weight 
Ti02 in 
bed gm. 

Sample 

5 18.0 43.2 45.0 18.9 411 
6 17.4 43.9 18.5 393 
9 16.0 ¥).5 17.8 338 1 

10 15.4 liO.k 17.7 320 
11 14.6 39.8 41.6 17«5 303 
12 14.0 38.8 43.6 1 7 J 285 
14 13.2 38.8 40.5 17.0 251 
15 12.8 38.0 

Run continued for further ten minutes, but no readings 
taken due to blockages in the tai l gas eye lone o 

foGlg, 21.2 ^̂ 00234*0̂ 0̂ hĴ Q̂ 

TiCli,. Collected 945 gm. 

Resid̂ Jies Reactor 131gc[i $?oTi02 
i\nnulus Gk^ 

Cyclone 26cti TiOo 



Tehle 1 0 , 6 

Chaiy:e 73Q Teinperati.ire 950PC? Chlorine Rate ii4»7 gm«/min< 

Riin 3 

Tajne 
Run 
min» 

P.D. 
Cm, CCl^ 

TiClli. Rate p;m«/roin. 
Meas"ured Total 

Ti02 Removal 
Rate 

V^ed ît 
Ti02 in 
bed 

Sample 

4 
7 
8 
9 

10 

11 
12 

14 
16 

17 
19 
20 

23 
25 
29 

16.5 

13.9 
13.6 
12o4 
11.9 
11.4 
10.4 
9.3 
8.8 
7.9 
7 .4 
6.3 
5.6 
5.0 

40^7 
43.0 
41.5 
42.0 
40.4 
39o7 
39.4 
32,4 
34.0 
33.6 
32.0 
29.1 
20.0 
14.1 
8.4 

ii2.8 
45.1 
43.6 
44.1 
42.5 
41.8 
41.5 
34^5 
36.1 
35.7 
34.1 
31.2 
22.1 
16.2 
10.5 

18.0 
19.0 
18.3 
18.5 
17<i9 
17^6 
17^5 
1 ^ 5 
15.2 
15.0 
14-.4 
13.1 
9.3 
6.8 
4o4 

381 
323 
304 
286 

268 

250 
233 
199 
166 

150 
123 
109 
76 
63 

43 

Gas Analysis 
Sample ^ 0 2 ^ 

1 24^7 30.9 4?K.4 
2 32.1 26.5 41.4 

Residues 
Realtor 82 gm. 46o2^Ti02 
Annulus 62 gm. 76.6^0 Ti02 
C3rolone 26 gm, 5.6fc Ti02 

Wt, of TiClj^ Collected 968 gm. 



Table 10̂ 7 

Chaiy.e 750 m* Temperature 950^ Chlorine Rate 28 /?no/min. 

Run 6 

Tune 
Run 
min. Cm. CCI4 

TiClii. Rate igi/min. Ti02 Removgi 
Rate 

EHio/min. 

Weight 
Ti02 in 
bed gm. 

Tune 
Run 
min. Cm. CCI4 Measi-ired Total 

Ti02 Removgi 
Rate 

EHio/min. 

Weight 
Ti02 in 
bed gm. 

3 18̂ 5 31.7 32.9̂  13.9 ISI 
7 15.7 31.6 32.8 13.5 411 

10 13.6 32.2 33.4 14.1 370 
11 13.1 29.2 30.4 12.8 356 
13 12.7 29.5 30.7 13.0 317 
14 12.3 29.8 31.0 13.1 304 
15.5 11.7 30.8 32.0 13.5 284 
17 10.7 31.9 33.1 13.9 264 
19 9.3 29.8 31.0 13.1 237 
22 8.4 27.3 28̂ 5 12.0 198 
23 7.7 27.2 28.4 12.0 187 
24 7.5 26.4 27.6 m6 177 
25.5 6.6 24.8 26.0 11.0 160 
27 6.1 24.1 25.4 10.7 1̂ 4 
29 5.7 20.8 22.0 9.3 124 
30.5 5.2 18.7 19.9 8.4 111 

32.5 4.7 14.7 15.9 6.7 95 
36.5 off 

Sanĝ le 

Gas Analysis 
Samples ^/JSl2 

1 Sol 
2 n.3 
3 24»8 

f^07 

29.4 
31.2 
26.2 

fcDO 

60.7 
56.5 
49.0 

Residues 
Reactor 
AeutjIus 
C3rolone 

127 gm. 41.̂ 0 Ti02 
63 gm. 76̂ ^̂  Ti02 
3 gm. 

TiCl/̂  Rroduced 977 gm» 

Calculated Chlorine Rate 29.0 giiu/min» 
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Table 10>8 
Charge 1100 Temperatiire 930*^ Chlorine Rate if2 Km/niino 

Run 7 

Time 
Run 
min» 

• 1 • ' • 
P.D. TiClL Rate W m i n . Ti02 

Remov.Rate 
V/ei^t 

Ti02 i n 
Bed 

Sample 
Time 
Run 
min» Cm.GClZ,. Measured Total 

Ti02 
Remov.Rate 

V/ei^t 
Ti02 i n 
Bed 

Sample 

1 28 47.5 49.3 20.8 681 1 

5 24 2i8.4 50.2 21.0 593 
7 23 47.5 49.3 20.8 551 
9 21 47.5 49.3 20.8 509 2 

10.5 20.4 47.5 49.3 20.8 478 
11.5 iiB.4 50.2 21.2 457 
12 19 50.2 21.2 h51 
12 19 iiS.4 50.2 21.2 
14 18 46.0 47.8 20.2 . 426 
15 17 46.0 47.8 20.2 406 
15*5 45.0 46.8 19.7 396 
16.5 16 4U5 19.5 yii 
17*5 15.7 43.0 4U8 18.9 351 3 

20.5 14 39.5 41.3 17.3 303 
21.5 39.9 41.7 17.6 285 
22.5 13.0 38.5 40.3 17.0 268 
23.5 12.3 37.5 39.3 16.6 251 

11.8 37.5 39.3 16.6 235 
25.5 36.8 38.6 16.3 219 
26.5 10.8 33.2 35.0 14.8 203 4 
27 10.2 33.0 34.8 14.7 182 

29 9.5 32.7 34.5 14»5 168 
30 9.0 29.1 30.9 13.0 155 
32 30.3 32.1 13.5 128 
36 6.5 23.1 2iFo9 10.5 83.5 
38 5.9 15.2 17.0 7 .3 66 

41 5 .5 10»8 12.6 5 .3 45.5 
41-5 off 43 

Gas Analysis Residues 
Sai!i."nle 

1 
2 

^£512 ^tOp fdSO 
9.3 43.4 50.2 

13.3 34.8 50.2 

Reactor 112 gm. 
Cyclone 23 gm. 
Annulus 64 gm. 

39.6^ Ti02 
36.2^i Ti02 
7 6 . ^ Ti02 

3 
4 

19.6 32.3 ^ . 1 
31.4 36.2 42.4 Y/t. of TiCJl^ col lec ted I603 gm. 
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Although the control of the temperatiire during the runs was not as precise 

as could be desired; this, however, was mainly due to lack of close attention 

to this variable^ In run 1 the tempera-ture fell to 875*^ a-t the tnd of the run, 

while in run 4 the temperature varied as much as plus or minus twenty degrees 

from the control temperature. 

The operation of the liquid entrainment separation system -̂vas not satisfac-

toiy due to the fonnation of ferric diloride blockages in the inlet to the taii 

gas cyclone • This resijilted in interference Y/ith the measured tate and 

entrainment of liquid titanium tetraciiloride in the tail gas* T̂he bloclcages 

caused a shut dovm of one minute during run 2 while it was cleared and 

inability to make any rate measurement di.ir).ng the last ten minutes of run 4* 

Prior to the start of imi 5 a- spare cyclone made for solids separation was 

placed between the liquid separator and the tail gas cyclone. This removed 

the bulk of the ferric chloride and allowed tiie runs to be carried out without 

complete blockage of the line to the tail gas cyclone* In run 7 some 

irregularitj*- in the rate measurement occurred due to a paxtieG. blocl'cage in the 

tail gas cyclone* 

Table 10*9 gives the rsaults of materials balances csdculated on runs 

1, 4, 5, 6 a M 7» 
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TaTple 10«9 

Materials Balances 
Run fo Accounted for 

t Rutile Carbon Chlorine 
1 97 84 

\ 

k 98 87 
3 92 110 93.3 

82«3 
6 93 112 96 

92 
63 " 

7 96 97 93 
97 
93 

These balances confirm the accuracy of the rate measurement on 

titanium tetrachloride and the analysis of the residues from the experiments 

and show that the analysis of the tail gas for carhon ajid chloride was not 

completely reliable* The analysis for chlorine gave accurage resialts.for 

low concentractions but low results where high concentrations were present. 

The high results for the carbon balances indicated low figures for carbon 

dioxide in the tail gas but these could also occur from inaccixracies in 

the calculation of the tail gas rates; this would be avoided by direct 

measurement of the tail gas rate® 



Correlation of the Reaotion Rate with the Height of 
Titaniijm Dioxide in the Bed 

The rate of reaction, as measured by the rate of production of titanium 

tetracliloride was initially co2rrelated with the weight of material in the bed 

by plotting rate versus the pressure drop over the bed which, f o r a f luid bed, 
* 

i s equal to the bed weight. This plot indicated a general trend, as shovm in 

Figure 10»1, but the method was'not sufficiently accurate^ for the weight of 

material at the end of the run, as calculated from pressure drop measurements, 

did not agree with the weight of the residues • 

Figure 10»2 shows the preduction rate plotted against the weight of 

titanium dioxide in the bed, Tliis weight was calculated from the measured 

rate of condensation of the tetracliloride and the weight of rutile remaining 

in the reactor at the end of the run. The method of calcvilating the weight 

of material in the reactor at any time and the materials balarwes on the 

system together with a sample calculation of run 7 are given in Appendix I I , 

These cuives show that as the weight of material in the bed increases the 

rate of fonnation f irat increases rapidly and then tails o f f as the amount of 

free ciilorine in the gas in contact with titanium dioxide approaches If 

these results are plotted on log - log paper, as in Figure 10,3, a straight line 

correlation i s obtained except for the points at the top of the cxarve, where as 

the ciilorine concentration approaches zero the curve becomes asymptotic to the 

absoi^a. 

As these points represent the start of each run i t is f e l t these values 

were due to a lag period before the maximum condensation rates were obtained. 



This was b o m out in latter experiments* These results do hon̂ rever show that 

above about ninety percent conversion of chlorine the increase in conversion 

with increase in the weight of material in the bed is slow* 

Correlation of the Reaction Eate with Chlorine Feed ^ t e 

The variation of the reaction rate with the chlorine feed rate is shown in 

Figure 10»4 for a constant weight of titanium dioxide in the bed* The values 

plotted are taken from the curves in Figure 10*2 for a bed content of 100 gms, 

of titanium dioxide^ 
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This plot shows a linear correlation, the scatter of results being attributable 
to variation of temperature between runs and the accumulation of errors in the 
deteiTiiination of the weight of oxide in the bed. 

Figure 10»5 shows a plot of the length to diameter ratio of the bed 
required to obtain 90^ conversion of the chlorine feed against the chlorine 

" • ̂  • 'J- • 
rate e3cpressed as lbs./min./ft?, and shows that the I/D ratio increases 
gradually up to a feed rate of about 3 Ibŝ /min./ft̂ ., above T^ich the increase 
is rapid. This means that up to this feed rate the contact efficiency between 
the solid and gas, decreases only slowly, but above 3 lbŝ /min./ft.2 sluigging 
becomes more pronouneed, smd bubbles of gas pass through the bed without coming 
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into effective contact with the "bed material. For efficient operation there-

fore this chlorine feed rate should not be exceeded. 
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Fi,g;ure 10.5 

Composition of the Tail G-as 

Analysis of the tail ga.s has zhovm. the presence of titanium tetrachloride, 
chlorine, carbon dioxide and carbon monoxide. No determination of the amount 
of carbonyl chloride present was made, as under the conditions of the reaction 
the equilibrium partial pressure of this substance in the system is 9.9 x 10 
atmosphere (Godnev and Pamfilov (45) )• Some carbonyl chloride is, however, 
probably present in the tail gas due to the photocatalysed reaction between 
chloride and carbon monoxide taking place in the system after the reactor. 
The high values for titanium tetrachloride obtained in run1 are almost certainly' 



due t o the presence of csrbonjyl chloride* 

The t a i l gas analysis confiimed the r e s u l t s of the preliininaa:y nms t h a t 

carbon dioxide i s fomed as one of the products of the reac t ion . Table 10 

gives the analysis of the t a i l gas f o r Ser ies lb experiments calculated on a 

ciilorine and titanium te t rachlor ide f r e e basis® 

Table 10,10 

COp and CO Analysis f o r Ser ies lb Experiments 

Run Sample i 
No, 

Percenta.fye by Volume Run 
1 . V 
Sample 
No, 

1 
Percentage by Volume Run Sample i 

No, 002 CO 
Run 

1 . V 
Sample 
No, 002 CO 

1 1 35o4 62 ,̂6 5 1 41 59 
2 59.7 2 39 61 
3 if2,6 57o4 
4 62.6 6 2 32,8 67,2 

3 35.6 6if,4 
3 1 68,4 4 34,9 65,1 

2 38,6 61 a8 
3 39»4 60,6 7 1 42:̂ 6 55.4 

2 41.2 57.9 
4 1 43.2 56,8 3 4D.2 59.8 

2 60,0 4 38,2 61,8 
3 39.0 61,0 

While these analysis are consistent within themselves, the high f igu res 

obtained f o r the carbon balances, Table 1Q«0, suggest tha t the carbon dioxide 

values are lov7« This i s consistent with the possible errors in passing the 

gas through ^ \mter solut ion of potassium iodide to remove chlorine, and vising 

br ine as the confining l iquid f o r the analys is . These errors are no t , however, 

of s u f f i c i e n t magnitude to inval idate general conclusions v/hich may be drawn. 



No v a r i a t i o n of the ccanposition with change i n the chlor ine feed r a t e i s 

apparent between the runs , the r a t i o of the dioxide t o the monoxide remaining 

in the order of There i s a l so no cons is ten t t rend in the va r i a t i on of the 

amomt of carbon dioxide i n the gas with change i n the weight of mater ia l i n the 

bed* I f carbon dioxide was formed as the f i r s t product of the r e a c t i o n , as in 

the equation 

Ti02 -f 2012 + 2C0 — T i C l ^ 2CO2 

an increase in the amount of carbon dioxide i n the t a i l gas would be 

an t ic ipa ted f o r shallow beds, i#e» i t would increase as the run proceeds. This 

t rend i s only apparent in runs 3 and 6 , while the remainder of the runs show 

the opposite t r e n d . This may be accounted for by the increase in the carbon 

t o r u t i l e r a t i o in the bed as the run proceeds, due to the excess of carbon in 

the charge f o r the reac t ion taking p lace . This t rend i s p a r t i c u l a r l y no t iceab le 

in run 7 which was car r ied out on a large charge, and i n which the CiTiQs r a t i o 

a l t e r e d more than in other runs . 

Ccaicl-usions 

The reac t ion r a t e has been shown to have a logarithmic co r r e l a t i on with the 

w e i ^ t of t i tanium dioxide in t h e bed up t o about conversion of the 

chlorine in the f e e d , above which the r a t e tends t o becone asymptotic t o a value 

equal t o complete conversion. 

The r a t e of f o m a t i o n has been shown to vary l i n e a r l y with increase in the 

chlor ine feed r a t e t o the r e a c t o r , although feed r a t e s in excess of 31bs/min/f t2 

of cross s ec t ion , should be avoided, as due t o an increase in slugging the 

length t o diameter r a t i o of the bed required t o give coiversion of the 

chlor ine feed r i s e s sharply f o r r a t i a above t h i s f i g u r e . 



While ana lys is of the t a i l gas was thought t o be subjec t t o some e r r o r s , 

i t showed t h a t the reac t ion was occurring t o form both CO end CO2 in a r a t i o of 

approximately 6:4 by volume* Fo marked e f f e c t s i n t h i s r a t i o dme to change in 

bed w e i ^ t of chlor ine feed r a t e could be traced* 



CHAPTER XI 

The VsTiation of the Reaction Rate with Chaiige of Tempere-ture 

The experiments in the preliminaiy runs reported in chapiter p nine showed 

that the reaction commenced at approximately 500^ and increased with i^re&se 

in t«nperature, maiked increases occurring above 700^0; this was contraiy to 

the findings of McTaggart. 

From the results of the experiments carried out on variation of the chlorine 

rate to the ireactor and the weight of material in the bed i t was apparent that 

these variables could be eliminated in an investigation of the tempers.ture e f f ec t 

by carrying out a series of iTuns at different temperatures and a constant chlorine 

feed rate, correlating the reaction rate with tempeiTature at a constant weight of 

titaniim dioxide in the bed. To avoid variations due to particle size, i t would 

be necessary to use the same weight and particle size of mater i a l in each chaxge. 

I t was decided therefoi^ to carry out runs at 600®, 700®, 8CX)0, ^ o g^^ 950^0 

using a charge of 800 gm. of material and a chlorine rate of 35 gm./min. 

The reactor charge for the series of experiments vra.s prepared as described 

previously, and materials with the following size analysis was used. 

Table 11.1 

Size Analysis of Material UsM in Experiments Series I I 

1 

Tyler 
Mesh 

fo by WeiF .̂t 
1 

Tyler 
Mesh Rutile Carbon 

65 0.9 22.5 
100 46.5 69,5 
115 75.0 83.5 
150 8%0 92.5 
170 96.0 
200 96.4 98.0 , 
200 100.0 100.0 



This gave average particle sizes for rutile and coke of 0,0057 ins» and 
0.0067 isn. respectively. The rutile analysed 97*̂ ^ titanium dioxide, and the 
caxblsn analysed 2,7^ volatiles, 97.1̂  fixed carbon and ash. As in the 
previous runs the chaise was made up with l^f^o rutile and 23.^ cait)on, this 
beiiig the stiochiometric proportions required for the reaction to give carbon 
monoxide as the only oxygen containing p2X)duct. 

Breliminary runs were carried out to obtain gas san̂ les to check the tail 
gas analysis using Method Fo\ar described above. The analysis for carbon monoxide 

# 
and carbon dioxide was first can*ied out using acidulated brine as the confining 
liquid, but this was unsatisfactory with large concentrations of carbon dioxide 
and a change was made in technique to use mercuiy. 

During these preliminary runs it was found impossible for one person to 
operate the apparatus, take gas samples and measure the rate of condensation of 
titanium tetraxjhlorlde. An automatic rate measuidng device was therefore 
developed to give continuous measurement of the rate of condensation. This 
ai)paratT.is has been described in chapter six. The trial runs carried out to 
test the operation of this meter showed it to be satisfactory, although the 
operation of the- capacity switch was rather sensitive and reqi.iired attention 
during the run. 

After these runs had been carried out, and the operation of the apparatus 
and the analysis of the tail gas were considered to be satisfactory, the 
investigation of the effects of temperature on reaction rate commenced. The 
experimental results obtained are given in Tables 11.2 to 11.12 which cover the 
results of Runs 3, 4, 5, 7, 8, 9, 10, 11, I4, 15 and 16 of the experiniental 
series 11. 



TMs ser i es of experiments i t s e l f f a l l s into three sections, nms 3 to 7 , 

8 to 11 and 14 to 16, and the res i i l t s w i l l be discussed in these groups^ 

Table 11,2 
CharF.e 800 m^ Temperatiire 900^ Chlorine Rate 35 Wmin» 

Run 3 

Riin 
Time j 
l l in. 

r-
TiCljL Rate m m./min. Ti02 

Removal Rate 
Y/eight 

Ti02 in 
Bed OTi. 

Sample 
Riin 
Time j 
l l in. Measured Total 

Ti02 
Removal Rate 

Y/eight 
Ti02 in 
Bed OTi. 

Sample 

2.6 27.6 29.8 12<,5 5 ^ 
36.5 38.7 16.3 518 l a , b 

5.3 39.5 41.7 17.5 495 
6.4 39.5 41.7 17.5 476 
7.6 39.0 41.2 17.3 455 
8.7 45.0 47.̂ 2 17.3 436 

13.9 34^2 36.4 15^3 357 
13.2 34.2 36.4 15.3 336 
16.6 33.4 35.6 14.9 315 2a & b 
17..9 33^4 35.6 14.9 295 
19#3 32.0 34.2 14.4 275 
20.7 31^5 33.7 14#2 265 
22.0 30.0 32.2 13.5 237 
23.6 28.7 30.9 13.0 215 
23.2 27.6 29.8 12.5 193 
26.8 25.1 27.3 11^5 178 
28.6 24.5 26.7 11.2 157 
30.6 22.0 24.2 10.2 136 3a & b 
32.6 20.0 22.2 9.3 116 

35.0 17.5 19.7 8.25 95 
37«8 13.6 15.8 6.6 75 

Gas Analysis Residues 

Sample 012̂ ^ TiDlifo CO^fo 00^ Reactor 84 

1 23.6 
2 3h.5 
3 66.0 

3.1 35.2 
3.3 28.6 

' 3.2 13.2 

38.1 
34.6 
17.5 

Annulus 58.8 gm. Ti02 76.51 
Cyclone 12 Ti02 3 0 . ^ 

fo Ti02 



Table 11,3 
Chargie 800 gnip Temperature 900^ Chlorine Rate 35 ĝ r/min, 

jE^ 4 

Time TiClL.Rate pjn./min. Ti02 
Removal Rate 

P7n./min« 

Weight 
Ti02 in 
Bed m. 

Sample KUIl 
Mirio Measured Total 

Ti02 
Removal Rate 

P7n./min« 

Weight 
Ti02 in 
Bed m. 

Sample 

io5 35.2 36.9 15.5 5liS 
2e8 33.2 34.9 14.7 528 

39.4 41.1 17.2 ~502 
38o9 ¥).6 17.1 if82 
37.6 39.3 16.5 I163 

35.8 37.5 15.8 Vf2 
8o9 34.9 36.6 15.4 h23 

10,3 35.2 36.9 15.6 h05 

11.6 31^5 36.2 15.2 385 
12.9 34.5 36.2 15.2 365 
14^2 34.2 35.9 15.1 341 
1 5 . 5 33.6 35.3 l̂ f.9 322 
1 6 . 9 32.5 34.2 14.4 305 
18.2 • 32.8 34.5 14.7 282 
19«6 32.5 34.2 14.4 261 
21.0 31.8 33.7 14.2 241 
22.4 30.5 32.2 13.6 221 
24̂ 0 28.2 29.9 12.6 200 
25.6 . 30.0 31.7 13.4 182 
2 7 . 2 26.5 28.2 11.9 162 
29.0 24,3 26.0 10.9 1i|2 
30.9 22.8 24.5 10.8 122 
33^1 17.0 18.7 " 7.9 102 
40.0 C h l o r i n e o f f 

Ga.3 Analysis 3 Residues • - • 

Sample CI9 TiClp CO9 CO Reactor 96.5 m . h-1.6% Ti02 
1 20.2 
2 26.5 
3 58.0 

3.9 35.6 
2.4 32.7 
2.4 

if8.4 
38.4 

Armultis 57.5 gm. 76.8^ Ti02 
Cyclone 9.0 gm. TxOz 



Table 

Charge 800 Temperatu3?e SOQQg Chlorine Rate 33Kn[\,/niin. 

Bxm ̂  

Time 
Run 
Min. 

"• — r-" — —1 
TdlllL. Rate p?n./min. Ti02 

Removal Rate 
pgn./mino 

V/eight 
Ti02 in 
Bed m . 

Time 
Run 
Min. Measured Total 

Ti02 
Removal Rate 

pgn./mino 

V/eight 
Ti02 in 
Bed m . 

SaiiipXe 

2^7 21.4 21.9 8.8 520 

22.3 22.8 9.2 502 

6.7 21.1 21.6 9.1 484 

8^8 22.5 23.0 9.3 465 

10.9 20.0 20.5 8.2 W 

13*2 19.4 19.9 7.9 h29 

19.2 19.7 7.8 411 

17.7 19.4 19.9 7.9 393 

20.0 19.4 19.9 7.9 375 

22.4 18.8 19.3 7.7 356 

24»7 18.8 19.3 7.7 339 

27.1 18.5 19.0 7.6 320 
29.5 17.5 18.0 7.1 303 

32.0 16.8 17.3 6.8 285 

34.6 17.3 17.8 7.1 267 

2,0.0 16.2 16.7 6.6 230 
15.8 16.3 6.4 212 

45.0 C h i 0 r i n e o f f 198 

Gas Analysis Residues 

Sample 01? COCI2 TiCl;^ CO2 CO Reactor 305.5 gn. 71.9^ Ti02 

1 49.0 3.5 0.6 25.2 21.7 Annulus 59.5 

2 67.0 3.2 0.6 16.4 12.9 Cyclone 2.5 gm. 32.8^ Ti02 

3 68.3 2.3 0.6 17.9 10.9 V/t. of TiCl/^ collected 508 gm. 



T a b l e 1 1 ^ 5 

C h a r g e 8 0 0 gtn> T e m p e r a t u r e 7 1 5 ^ 0 C h l o r i n e R a t e 3 5 gny/min^ 

R u n 7 

Tdjne 
R u n 
Min« 

T i C l L R a t e g n u / m i n . T i 0 2 
R e m o v a l R a t e 

g n i . / m i n . 

W e i g h t 
T i 0 2 i n 

B e d 
Saniple 

Tdjne 
R u n 
Min« Measv i red T o t a l 

T i 0 2 
R e m o v a l R a t e 

g n i . / m i n . 

W e i g h t 
T i 0 2 i n 

B e d 
Saniple 

8 , 0 1 7 . 2 1 8 ^ 1 7 . 6 6 1 3 

1 0 . 5 1 7 . 0 1 7 . 9 7 . 5 - 5 9 4 

1 3 . 0 1 7 . 1 1 8 . 0 7 . 6 • 5 7 5 

1 5 . 0 1 7 . 2 1 8 . 1 7 . 6 5 6 0 

11*5 1 7 . 0 1 7 . 9 7 . 5 5 4 1 

2 0 »0 1 7 . 0 1 7 . 9 7 . 5 5 2 2 

2 2 , 0 1 7 . 0 1 7 . 9 7 . 5 5 0 7 

2 i f 5 1 6 . 7 1 7 . 6 7 . 4 4 3 8 

2 7 * 0 1 7 . 3 7 . 3 469 

2 9 ^ 5 1 6 . 4 1 7 . 3 7 . 3 4 5 1 
3 2 . 0 1 6 . 0 1 6 . 9 7 . 1 4 3 3 
3 5 . 0 1 5 . 5 1 6 . 4 6 . 9 4 1 2 

3 7 . 0 1 5 . 3 1 6 . 2 6 . 8 3 9 8 

3 9 . 5 1 5 . 3 1 6 . 2 6 . 8 3 8 2 

1 4 . 3 1 5 . 2 6 . 4 3 6 5 

4 5 . 0 1 3 . 5 1 4 . 4 6 . 1 3 4 6 

1 3 . 4 1 4 . 3 6 . 0 3 2 8 

5 n o 1 3 . 7 1 4 . 6 6 . 1 3 1 6 

5 3 . 5 1 2 . 9 1 3 . 8 5 . 8 296 

5 7 . 0 1 2 . 1 1 3 . 0 5 . 5 2 7 6 

6 0 . 0 1 2 . 1 1 3 . 0 5 . 5 2 6 0 

T a i l Oas D a t a B a r o m e t e r 7 6 9 lun^I^g 

T i m e 
R u n 

Temp. R a t e 
A i r Equ^ 

f t 3 i rdn . 

1 r - s 
A n a l y s i s % T i m e 

R u n 
Temp. R a t e 

A i r Equ^ 
f t 3 i rdn . C l p T i C l i . CO2 CO 

* 

1 4 

1 9 . 5 

1 9 . 5 

0 . 6 4 

0 . 6 4 

9 2 . 0 

7 6 . 4 

0 . 6 

0 . 9 

2 . 4 

1 5 . 7 

5 . 0 

6 . 9 

R e s i d u e s R e a c t o r 3 5 5 gni* 
A n n u l u s 6 3 gin» 
Cyx3lone 5 gni« 

76^.20 TiOz 
Ib^yd^t TlOz 
30.3% 

Wt, o f T i C l / ^ c o l l e c t e d 9 9 3 gm» 

• a t 6 2 0 ^ 



Table 11»6 
Chaise 800 m* Temperature Chlorine Rate 35 gm«/min» 

Run 8 

Time 
Run 
Min» 

r ' ' " ' ' « 
TiClji Rate 

J 
£53u/min. Bed 

Temperature 
oc 

Chlorine San^le 
Time 
Run 
Min» Measured Total 

Bed 
Temperature 

oc Balance ^ San^le 

27^6 28.4 88if 
3.0 33.9 34.7 885 " 
k.25 33.0 33.8 882 
5.5 31.5 32.3 876 
7.0 30.4 31.2 870 
8.5 29.4 30#2 862 

10.0 28^0 28.8 854 
11.5 27^1 27.9 851 104.5 
13.0 26.4 27.2 849 
14.5 25.6 26.4 846 
16.25 24.5 25.3 845 
18.0 24.5 25.3 850 
20.0 23.5 24.3 852 
21.5 23.4 24.2 850 
23.25 23.8 24.6 850 
25.0 22.6 23.4 850 
27.0 21.3 22.1 QIS 
29.0 20.3 21.1 847 102.6 
31«0 18.9 19.7 847 
33.0 17#7 18.5 84̂ 1-
36.0 15.2 16.0 844 
39.0 11,»8 12.6 84?f 105.0 

Tail Gas Data Barometer 768 mni.Hg. 
Time 
Run Temp. ' Rate 

Air Eqy. 
ft3/min 

7— 
Analysis % 

1 Time 
Run Oc 

' Rate 
Air Eqy. 

ft3/min CI? TiClU COCl? CO CO? 
12 19^5 0.515 50.6 0 ,8 ' 5.6 21.0 22.0 
29 20.0 0.545 56.6 0.9 4.9 ' • 16.5 21.4 . 
39 19.8 0.57 80.6 0.9 3.3 6.6 8.6 

Residues Reactor 
Armulus 
Cyclone 

124 gm. 
63 gm. 

gm. 

\Tt« of TiCl/^ collected IO7O gnu 



Table m ? 

Charge 8CX) Chlorine Hate 

Run 9 

Tine 
Thin Tem-p, TiDlli. Rate pVndn. Time Temp. TiCli;. Rate pjn/min. 
Min* OG Measured Total 

Kun 
llin. oc Measijired Total 

785 21.5 22.2 33.5 705 9.4 10.1 
7.0 775 21.0 21.7 38.0 702 8,9 9.6 
9.0 765 19.4 - 20.1 43.0 700 8.4 9.1 

11,0 752 17.3 18.0 52.0 660 2.8 3.5 
13.5 735 14.7 15.4 64.0 675 4.1 4.8 
16^5 732 13.9 14.6 70.0 727 9.4 10,1 
19.0 745 15.3 16.0 74.0 745 lOoO 10.7 
22,0 749 15^4 16.1 78.0 757 10.5 11.2 
24»5 751 15.7 16.4 82.0 765 9.6 10.3 
27.0 7h2 15.5 86,0 765 10,7 11.4 
30.0 725 12,1 12,8 91.0 758 6.4 7̂ 1 

Tail Gas Data Barometer 767 mm.Hg, 
Time 
"Rnri Ten^. Rate A±r 

Ti!n 1 v^ Analysis % 
Ivlin. 

JCJU V 

ft*/iD±n^ Cl2 TiCl^ C0C12 002 CO 
6 18.0 0.51 58.6 0,8 6.7 20,0 1 4 . 0 

25 18.7 0.55 76.2 1.0 3.7 12.1 7.0 
30 64.5 35.5 
52 19.2 0.61 90.4 0.7 3.9 3.3 U7 
71 66.0 34.0 
90 58A 4 1 . 6 

Residues 
Reactor 186 gm* Weight of TdUlî  collected 869 gm. 
Cyclone 2 gm. Weight of Chlorine Used 31i23 gm. 
Annulus 60 gm« Calculated Rate = 36.5 gm,/min. 



T a b l e 1 1 . 8 

C h l o r i n e R a t e 35gtn«/rrdn» 

Run 10 
Time 
Run 
l l i n . 

Temp* TdCli. R a t e pm/min. 
Time 
Run 
lviin« 

Temp. TiCl l j . R a t e p^n./roin. 
Time 
Run 
l l i n . OQ 

Measured T o t a l 

Time 
Run 
lviin« 

OC M e a s u r e d T o t a l 

3^0 988 ¥ ) . 3 4 1 . 6 1 6 . 0 930 3 3 . 1 3 6 . 2 

4*0 988 hS^k- 49»3 I7i .0 33^2 34-.3 

5 . 0 993 hS.l 30*3 1 8 . 3 932 3 1 . 4 3 2 . 3 

5.15 997 4 7 . 1 4 8 . 2 1 9 . 7 3 923 2 9 . 2 3 0 . 3 

6O5 993 4 3 . 8 4 6 . 9 2 1 . 0 913 2 6 . 8 2 7 . 9 

1.5 993 4 3 . 8 4 6 , 9 2 3 . 0 903 2 3 . 8 2 4 . 9 

8 . 3 991 43 .6 2 4 . 3 912 2 2 . 4 2 3 . 3 

988 42^6 k3.1 28*0 928 2 3 . 3 2 4 . 6 

l C o 5 986 40.6 4 1 . 7 3 0 . 0 903 1 9 . 2 2 0 . 4 

11^3 980 ¥ ) . 6 4 1 . 7 3 2 . 3 893 1 3 . 3 14-.4 

1 2 . 3 973 38*9 4 3 . 0 3 6 . 0 880 7 . 6 8 . 7 

1 3 . 3 970 3 8 . 1 39o2 4 3 . 0 ch l o r i n e o f f • 

960 3 6 . 9 3 8 . 0 

T ^ i l Gas D a t a Baromete i ' 762 iiiii.Eg 

Time 
F u n 
M i n . 

Temp. 
P ^ t e A i r 

Eq«V. ' 
f t 5 / m i n . 

A n a l y s i s Time 
F u n 
M i n . 

P ^ t e A i r 
Eq«V. ' 

f t 5 / m i n . C l 2 TiClii . G0C12 C02 CO 

6 20o3 0.h2 7 . 6 4 1 . 0 4 . 3 3 6 . 7 3 0 . 2 

13 2 1 . 0 28*8 1 . 1 6 6 . 1 2 8 . 1 3 6 . 6 

21 2 1 . 3 kS.O 3 4 . 0 

27 3 4 . 0 

32 22*2 0 . 3 9 7 3 . 8 1 . 0 2 6 . 1 8 . 6 1 0 . 6 

R e s i d u e s 

R e a c t o r 100 gm. W e i g h t o f TiCli j . c o l l e c t e d 1088 gni. 

C y c l o n e 11 gni* V/eight o f C h l o r i n e U s e d 1643 

A n n u l u s 60 gni«. C a l c u l a t e d Jlate = 3 6 . 3 gm-./ioiE.. 



Table 11,9 
ChajTgce 1030 Chlorine Rate 35 

Run 11 

Tdjne 
Run 
Min. 

/ 

Teirip. 
' • " . • 1 

TiClli. Rate P3n»/min. Time 
• Run 

Min» 
Temp. 

r •• • • • 
TiCl;, Rate prn./miiL Tdjne 

Run 
Min. Measi-ired Total 

Time 
• Run 

Min» OC Measured Total 

2̂ 3 960 41.5 19.0 962 41.7 
3<»3 .962 42.5 43.6 20.0 957 43.1 44.2 

4.25 968 49.0 50o1 21.0 950 39.7 40.8 
3.0 972 50o3 51.4 22.0 9kO 38.0 39.1 
6.0 975 50,3 51.4 23.25 935 35.8 36.9 
7,0 985 49.0 50J 24.5 932 33.8 34.9 
7.15 994 49.0 50.1 25.5- 927 34.7 35.8 
8o3 1000 ii8.4 49.5 26.75 922 33.1 3^2 
9.5 1005 47.6 ¥5.7 28.0 915 31.9 ; 33.0 

10.3 1005 47.6 IS.I 29.25 917 32.5 ; 33.6 
11.25 1005 47.6 30.5 932 31.9 : 33.0 
12.0 1002 47.0 48.1 31.75 938 29.8 30.9 
13.0 997 47.5 33.23 932 30.8 31.9 
14.0 992 lilies 45.7 34.5 922 27.1 28.2 
15.0 988 44.6 45.7 37.0 906 9.4 10.5 
16.0 980 43.6 hiul W.25 902 15.5 16.6 
17.0 974 43.1 49.0 876 7.5 ; 8.6 
18.0 970 ^ 40.6 41.7 

Tail Gas i Data Baixmeter 761 mm.Hg 
Tme 
Run 
Min. 

Temp. Rate Air 
Eq«v. 

ft3/min. 

\ ' ' ' '" 
Ana lysis fo Tme 

Run 
Min. 

Rate Air 
Eq«v. 

ft3/min. Cl2 TiCl^ C0C12 C02 CO 
10 23.5 0.385 1.1 1.28 3.7 38.9 55.2 
21 57.3 
26 23.5 0.47 22.3 1.i:B 2.9 32.0 41.3 
29 50.8 49.2 

37 23.5 0.51 53.6 1.47 3.5 20.2 21.2 

Residues 
Reactor 114 gni. Wei^t of TiCl4 collected 1490 gm. 
Cyclone 17 gni. Weight of Chlorine Used 1734 gm. 

Annulus 62 gm. Calculated Chlorine Rate = 37.2 gm./min. 

Note: The Chlorine Rate v/as unstea^ at the start of the run. 



Table 11^10 
CtoTT.e 1666 m« Chloilne Rate 33ffn«/mino 

Run 14 

Tame ' 
Run Temp. TiClL Rate ppi./min. Time 

Run 
Min. 

Temp. 
' ' 1 ' 

TiClii. Rate m/m5ji 
Tame ' 
Run 00 ' Measured * Total 

Time 
Run 

Min. Mea.sured Total 

2,25 907 39.1 4£'.7 27.25 987 M-.7 45.7 

3.23 907 40.6 41.6 28.0 983 44.7 45.7 
4^25 903 40.6 41.6 29.0 978 41.6 42.6 

5.23 908 46.1 47.1 30.0 973 44.7 45.7 
6.23 912 if8.3 49.3 31.0 960 42.5 43.5 
7.0 909 49.6 30.6 32.0 952 4JD.6 41.6 

8.0 907 . 48.1 49.1 33.0 945 3808 39.8 
9.0 913 47.7 48.7 34.0 937 38.8 39.8 

9.75 920 47.7 48.7 35.25 925 37.2 38.2 

11 .23 924 47.7 48.7 36.25 910 35.8 36.8 

13.23 931 47.7 43.7 37.25 897 35.8 36.8 

1-U23 9¥) 34.2 33.2 38.75 885 33.8 34.8 

13.3 947 46.1 47.1 40.0 868 30.3 3 1 . 3 
16.23 933 47.7 48.7 41.5 858 28.8 29.8 
17.0 933 47.7 48.7 43.0 850 27.0 28.9 
19.0 967 47.7 4B.7 44.5 848 27.0 28.0 

19.73 973 47.7 43.7 4^.0 835 24.8 25.8 

20.73 978 2^8.3 49.3 47.75 815 22.3 23.3 
21.3 983 46.1 47.1 49.75 790 17.7 18.7 
22.3 987 47.7 48.7 52.0 775 18.3 19.3 
23.3 987 ii2.6 43.6 54^5 762 13 .3 14.3 
24.3 987 40.6 41.6 58.0 720 9.4 10.4 

23.23 987 43.7 46.7 67.0 670 2.2 3 .2 

26.Z5 987 44.7 43.7 

Tail Gas Data Barometer 766 mm.HSo 

Time 
Run 
llin. 

Temp. Rate Air 
Eq'v. 

• ft3/niin. 

' ! 1 i • 
Analysis Time 

Run 
llin. OC 

Rate Air 
Eq'v. 

• ft3/niin. CI2 TiOli,. COClo CO2 CO 
12 23.3 0.43 0.3 1 . 3 3.6 47.7 47.0 
19 45.0 35.0 
29 23.5 0.400 4.3 1 . 3 3.6 41.9 52.8 
Aij- 52.4 47.6 
33 60.1 39.9 



Table 11•lO Continued 

Residues 

Reactor 353 V/eight of TiCl^ collected 2062 gm. 
Cyclone 37 m » Y^eight of Chlorine Used 2641 gm. 
Annulus 63 grue Calculated Chlorine Rate = 36,5 gm®/min 



T a b l e 1 1 , 1 i 

C h a r g e I 6 7 8 Em« C j j i l o r i n e R a t e 35 gmo/mln» 

R i m 1 5 

T i m e 
Temp. 

i' 

T i C l z - R a t e g V i n i n 
T i m e 

T e m p . T l C l i j . R a t e _ 
J t u i n 

M i n , M e a s u r e d T o t a l 
K u n 

M i n « 
OC M e a s u r e d T o t a l 

1 . 0 9 7 0 5 1 . 2 5 2 . 6 1 8 . 7 5 8 7 8 4 0 . 3 4 1 . 3 

2 . 0 9 6 2 5 0 . 6 5 1 . 6 1 9 . 7 5 8 7 4 4 0 . 3 4 1 . 3 

2 . 7 5 9 6 2 5 0 . 6 5 1 . 6 2 1 . 0 8 6 8 3 9 . 4 4 0 . 4 

9 6 2 4 9 . 5 5 0 . 5 2 4 . 0 8 4 9 3 6 . 4 3 7 . 4 

4 . 5 9 5 6 4 9 . 5 5 0 . 0 2 5 . 2 5 8hO 3 4 . 8 3 5 . 8 

5 . 2 5 9 5 2 4 7 . 2 IS.2 2 6 . 5 8 2 5 3 4 H . 4 3 5 . 4 

6 . 2 5 9 4 8 4 ^ . 8 4 7 . 8 2 7 . 7 5 8 2 0 3 2 . 3 • 3 3 . 3 

7 . 0 9 4 0 4 6 . 5 4 7 . 5 2 9 . 0 8 1 0 . 3 1 . 1 3 2 . 1 

8 . 0 9 2 5 4 5 . 3 3 0 . 2 5 8 0 0 2 8 . 9 2 9 . 9 

9 * 0 9 1 5 4 5 . 3 4 6 . 3 3 1 . 7 5 7 9 0 2 7 . 1 2 8 . 1 

1 0 . 0 9 0 6 4 5 . 2 4 6 . 2 3 3 . 2 5 7 8 0 2 5 . 0 2 6 . 0 

1 1 . 0 9 0 0 hh-k 4 5 . 4 3 5 . 0 7 6 7 2 2 . 8 2 3 , 8 

1 1 . 7 5 8 9 7 4 3 . 4 4 4 . 4 3 7 . 0 7 5 0 1 9 . 5 2 0 . 5 

1 2 . 7 5 i 8 9 2 4 2 . 3 4 3 . 3 3 9 . 0 7 3 5 2 2 . 9 2 3 . 9 

1 3 . 7 5 : 8 8 7 4 1 . 8 4 2 . 8 4 1 . 0 7 1 8 1 5 - . 3 

1 W 5 8 8 2 4 1 . 8 4 2 . 8 4 5 . 0 6 9 0 8<.4 9 . 4 

1 5 . 7 5 8 8 0 : 4 1 . 2 4 2 . 2 4 9 . 5 700 8 . 3 9 . 3 

1 6 . 7 5 8 8 1 4 1 . 2 4 2 . 0 5 4 . 5 6 8 0 7 . 7 8 . 7 

1 7 . 7 5 8 8 2 4 1 . 2 6 0 . 5 6 6 0 5 . 7 6 . 7 

T a i l G a s D a t a B a r o m e t e r 7 6 2 mm.Hg. 

T i m e R a t e A i r 
A n a l y s i s % 

X v U J i 

M i n . 
A J U V . 

f t 3 / m i n . 0 1 2 T 5 0 1 4 . COOI2 CO2 CO 

8 2 5 . 0 0 . 4 : 1 . 0 3 1 . 3 3 . 4 5 5 . 0 3 9 . 2 

2 0 2 5 . 1 5 6 ^ 2 4 3 . 8 

2 8 2 5 ^ 1 0 . 4 5 1 . 3 0 . 7 3 7 . 6 2 3 . 0 

3 8 2 5 . 4 0 . 5 0 6 5 . 0 1 . 3 3 . 3 1 9 . 5 1 0 . 9 

5 6 2 5 . 8 6 7 . 2 3 2 . 8 

R e s i d u e s • 

R e a c t o r 5 2 0 g m . W e i g h t o f T i 0 l 4 c o l l e c t e d 192^4 gni^ * 

C y c l o n e 3 7 g in . W e i g h t o f C h l o r i n e u s e d 2 7 6 5 gna. 

A n n n l u s 6 3 gm. C a l c i a a t e d C h l o r i n e R a t e = 3 6 g m . / m i n . 



Table 11^12 
Charge I69O Chlorine Rate •3 

Run 16 

Tine 
Run 
Min« 

Temp. TiClii. Rate gnymin. Time 
Run 
Min. 

Tenqp. Ti^li^ Rate l̂ pr/min* Tine 
Run 
Min« OC Measured Total 

Time 
Run 
Min. 00 Measured Total 

26.25 851 39.4 40.4 38.5 755 22.3 23.3 
27.25 841 36.5 37#5 43.25 745 20.2 21.2 
28^25 834 36.8 37 #8 730 •18.7 19.7 
29.5 826 35.7 4?h»0 712 15.6 16.6 

30.5 821 33.9 34o9 4S.5 702 13.5 14.5 
31.5 810 32.0 33.0 49.5 697 12.3 i3.3 
33-0 800 23.5 29.5 52.5 688 11.8 12.8 
34.0 790 28.2 29 2̂ 55.15 ^15 9.1 10^1 

35.5 778 26»1 27.1 62.0 630 3.8 4.8 
37.0 768 24.8 25.8 

Tail Gas Data Barometer 764 nira.Hg . 
Time 
Run 
Min» 

Temp. Rate Air Analysis % Time 
Run 
Min» 

iiq'v. 
ft3/min. CI9 TiClZj. ceci2 CO2 , CO 

5 26 0.36 0.00 1.if6 3.06 50.1 
30 26 0.2̂ 8 1.31 0.00 60.5 
hO 61.2 38.8 
49 72.6 27.4 
52 26.5 0.67 73.1 1.42 0.4 17.1 8.1 
62 69.4 30»6 

Residues 
Qeactor 497 gni. Weight of TiCljij, collected 1874 m* 
Cyclone h^ gm. 
Annulus 60 gni. 

Note: No rate measxirements were made at the start of the run as a blockage in 
the balancing line on the late meter prevented satisfactory operation© 
The above results were obtained after this blockage had been clearedo 



The runs in the first group were carried out as planned at a fixed 
temperature for e ach run« Runs 3 4 were carried out at 900^, run 5 s-t 
800^ and run 7 at 700^^ Before the results recorded for run 7 in Table 11 •3 
were taken, the rate of the reaction was observed at lower temperat̂ ares wiiile 
the temperature of the bed was being raised. Chlorine was passed through the 
bed for about ten roinutes at 425^ and again at 530^ • Fnite fumes were 
observed at each temperature in the condenser and in air when the gas was 
allowed to escape from the system, more fumes occurring at 530® than at 425°, 
but in each case there was no condensation of liquid. Chlorine was again 
passed at 620^ vjhen the reaction v/as sufficiently fast to give condensable 
amounts of titanium tetra-chloride. This rate was measured at 0.9 giV̂ iin, 
•vtoch, when corrected for the loss of titanium tetrachloride in the tail gas, 
gave a total rate of 1.4 giVmin. 

During these runs the operation of the equipment wxs satisfactoiy, although 
the chlorine balances were still inaccurate. The balances for runs 3, 4 and 5 
are sho'/m in the following table. 

Table 11.13 
1 

Run Sample Chlorine 
Balance fo 

3 1 100.5 
4 1 82 

2 91' 
3 71 

5 1 67 
2 125 
3 98.4 

To obtain more precise chlorine balances it was decided to measure the 
tail gajs rate from the condenser, and from this calculate the amount of clilorine 
and titanium tetraciiloride leavir̂ j the s5''stem. This measurement carried 
out by means of a Plowrator in the tail gas line, as sliovm in Figure The 
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r a t e was measured a s an a i r e q u i v a l o i t i n f t ^ m i n . and the weight f l ew of t a i l 

gas i n gm/min c a l c u l a t e d us ing the r e l a t i v e dens i t y of t he gas determined by a n a l y -

s i s . Any e r r o r s due t o d i f f e r e n c e s of v i s c o s i t y between the t a i l gas and a i r f o r 

which the meter was c a l i b r a t e d were small a s the meter f l o a t was a v i s c o s i t y s t a b l e 

type» 

The method of c a l c u l a t i o n i s shown i n Appendix I I I . 

F igure 11»1 shows the t i t an ium t e t r a c h l o r i d e format ion r a t e p l o t t e d againt i t 

t he weight of t i t an ium dioxide i n the bed f o r runs 3» 4> 5 and 7» The 

cond i t i ons of run were repea ted i n run 4 as a blockage i n t h e en t rance of the 

t a i l gas cyclone occurr ing a t the s t a r t of the run r e s \ i l t ed i n a gap i n the 

r a t e raeasxarement between approximately 350 and 450 gm* of Ti02 i n t h e bed. 

The c l o s e proximity of t he curves of runs 3 and 4 show the r e s u l t s of t he se 

experiments t o be r e a d i l y reproducable . In runs 3 , k and 5 i n s u f f i c i e n t 

al lowance was made f o r the r i s e of the bed t enpe ra tu r e when c h l o r i n a t i o n was 

commenced due t o t he exothermic natxire of the r e a c t i o n , an i i t was found 

necessa ry t o reduce t he c o n t r o l temperature of the hea t ing f \ j rnac^ t o ge t t he 

r e q u i r e d temperature of the bed. This gave r i s e t o t h e bumps i n the curves a t 

the s t a r t of these r u n s , t he temperature ob ta in ing a t t hese t imes being no ted on 

the cu rves . 

F igure 11.2 shows t h e r a t e of formation of t i t an ium t e t r a c h l o r i d e f o r t h e 

above runs p l o t t e d aga in s t tempera ture . 



Figure 1i<2 

I n t h i s f i g u r e the p o i n t s a t 900°, 800° and 1 7 5 ^ , which a r e t he ' 

t empera tures a t which the runs were c a r r i e d o u t , were obta ined from the curves 

i n Figure 11»1 f o r 400 gm, of Ti02 in t h e bed. The o ther p o i n t s were ob ta ined 

from the curves f o r t h a t s ec t ion of the runs b e f o r e the t m p e r a t u r e of the bed 

was a d j u s t e d t o the des i r ed values* This p l o t shows t h a t whi le t he tempera ture 

c o e f f i c i e n t s a s given by the s lope of the l i n e s , f o r t h e r e s u l t s of r uns 3 , 5 

and 7 were approximately the same, a between runs d i f f e r e n c e e x i s t e d which 

inc reased t he o v e r a l l r a t e i n run 7o The c l o s e s t agreement of t h e p o i n t s a t 

815° ^ ^ 9 2 0 w i t h the l i n e thj:x)ughi.the va lues a t 800*^ and 900°C suggested t lmt 

e r r o r s due t o v a r i a t i o n of the weight of Ti02 i n the bed would be sma l l , 

i f t h e weight of oxide i n the bed was above t h a t a t "v^ îch the f o m a t ion r a t e i s 
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almost constant with increase in the weight of the bed, as shown in Figure 

This i s supported lay the result of run 7 Series lb shown in that figure, in 

"wdiioh an increase in the amount of oxide in the bed from 5$0 to 700 gGi» resulted 

in an increase in the rate of foimation of only one percent. From these 

results i t was decided to measiire the rate of fomiation while vaiying the 

temperature of the bed. 

Run 8 was carried out commencing chlorlnation at 850^, but owing to the 

exothearmic nature of the reaction the bed temperature rose to 890° and was then 

controlled back to 850® at which the remainder of the run was carried out. 

The resiilts of this run are given in Table 11.6, while Figure 11.3 shows the 

plot of rate of foisnation of TiCIl̂ ^ for the run against the time run. The 

teraperatures shown on the ciorve were taken from the temperature record f o r the 

run. 
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As t h e temperature of the bed f e l l the re was a decrease i n the r a t e , which 

f l a t t e n e d out as the temperature m s con t ro l l ed to 850^0 before f a l l i n g o f f as 

the weight of oxide i n the bed f e l l below the c r i t i c a l amount. 

The l a t e of formation of TiCl^^ f o r run e ight i s p lo t t ed aga ins t temperature 

i n Figure 11.4 and the temperature coe f f i c i en t deteimined from the data obtained 

i n t h i s run by va r i a t i on of the bed tecoperature during the run shows good 

agreement with t h a t obtained f o r f ixed amount.of Ti02 i n the bed f o m the r e s u l t s 

of runs 3 , 5 and This confiimed the conclusions from the previous runs 

t h a t data on the va r i a t ion of the react ion r a t e with teii5>erature could bes t be 

obtained by vaiying the temperatxjre of a bed containing s u f f i c i e n t oxide to 

give only smaJLl va r i a t ion i n the ra te with diange i n w e i ^ t of oxide i n the 

bed. From the r e s u l t s of experiments i n Ser ies l b . the c r i t i c a l amount of 

oxide f o r a ch lor ine r a t e of 35 gm./min. appeared to be approximately Î PO gm. 

Calc^alation of the chlorine balances f o r run 8 from the measured TiCl^ 

r a t e and t a i l gas r a t e , and the ana lys i s of the t a i l gas , gave va lues of 104^5^, 

102^6^ and 99^ which a l t h o u ^ higher than the t h e o r e t i c a l value were considered 

t o be within the range of expeidmental e r r a r . These values show a b ig 

improvement i n p rec i s ion on the values obtained i n previous runs . 

* 

The r e s u l t s of runs 9, 10 and 11 a re given i n Tables 10.7, 10.8 and 10.9, 

and a r e sho\m i n graphical f o m i n Figure 11.4. « 

The r e s u l t s of run 9 show some agreements witli the previously determined 

temperature c o e f f i c i e n t s ; p l o t t i n g the r e s u l t s on the same sca le as the p l o t 

f o r runs 3 , 4 , 5 and 7 give slopes of 1,65 and 1.75 r e spec t ive ly . Towards the 

end of the run the temperature was increased which gave r i s e to the poSnts 

lying below the curve. These low values were due to a de f ic iency of t i tanium 



dioxide in the "bed at this stage of the run« 

The results of run 10 shows a rapid fall in rate as the temperature is 

decreased. After some fluctuation at the beginning of the run the slope of the 

rate-temperature curve approached that of the previous runs, but as the run 

proceeded the rate fell away rapidly due to the depletion of the oxide in the bed. 

Fip;ure 

Run 11 was carried out over the same temperature range using a charge weighing 

1050 gm« instead of 800 gm. as used in previous runso In this run the temperature 

at the start was 960°C and during the first nine minutes was raised to 1000^0 and 
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held there f o r f o .ir minutes* As the temperature was raised a TiClj^ formation 

rate of 50»1 ^• /min . was achieved at SSQ^ corresponding to 10?/^ conversion o f 

the chlorine f eed . During the period in which the tmperature was held in the 

range 997° t o 1005^ a rate o f 48,7 gn/min. was maintained, and a chlorine balance 

calculated during this period indicated a 105^ u t i l i s a t i o n o f the chlorine feed« 

The reasons f o r these high f igures f o r the chlorine balances i s discussed below. 

As the temperatiare o f the bed was reduced a fevf results were obtained oh a curve 

with a slope expected frcan the results o f previous experiments, but the formation 

rate soon f e l l away due to depletion of the oxide in the bed» 

The most important result o f this rim was the high chlor ine conversion 

obtained, approximating 100^ of the feed . The rapid f a l l i n g away of the rate of 

formation from the values expected from the previous temperature c o e f f i c i e n t s 

showed that the runs were being carried out on charged which were too small and 

could not support chlorination over a wide range of temi?erature» This feature 

was accentuated by the rate at which the bed temperatiire could be a l tered . In 

these runs this had been achieved by turning o f f the power to ^ the furnace at the 

required maximum temperature and the heat losses from the system had then reduced 

the temperature of the bed. This cooling rate was, hov/ever, i n s u f f i c i e n t to 

cover a wide range o f temperature before the titanium dioxide content of the bed 

was reduced below the c r i t i c a l amounts 

In the succeeding runs the def ic iency of the oxide in the bed was corrected 

by ccmmencing chlorination with a charge o f approximately I65O gm. and^the 

cool ing rate accelerated by blowing co ld a i r through the annular sp8.ce between 

the reactor tube and the fiumace. By contro l l ing the a i r rate the desired rate 

of f a l l o f the bed temperature could be readily obtained. 



The r e s u l t s of runs 14 and 15 are given in Tables 11 ^lO and 11»11» No 

r e s u l t s were obtained ft-om runs 12 and 13 owing t o blockages occurr ing in the 

r e t u r n l i n e from the l i q u i d separa t ion cyclohe during each run . 

In run 14 fonnat ion r a t e s corresponding t o 10?^ conversion of t he ch lo r ine 

feed were again obtained. These high r a t e s thj:*ew doubt on the accijracy of the 

ch lo r ine flowmeter, which was supported by the high ch lor ine balances a l s o obtained 

by previous runs . These ch lor ine balances are given i n Table 11^14, and show 

t h a t in almost a l l cases the amount of ch lor ine accounted f o r l i e s in t h e range 

of 102 t o 107^, 

Table 11414 
Chlorine Balances on Runs 8 t o 13 

fo Chlorine Accounted f o r 
Run Measured Feed 35 pm«./mih, ii Corrected Feed 36,5 pjn/min. 

. Sample 1 Sample 2 Sample 3 H Sample 1 Sample 2 Sample 3 

8 105 102 99 jj 101 98 95 
9 97 101 94. jj 93 97 90 

10 107 106 104 jj 103 102 100 

11 105 107 
II 101 103 

14 104 106 11 Ii 100 102 

15 103 102 107 jj 99 98 103 

A check c a l i b r a t i o n showed the f l o m e t e r to have been giving high f low r a t e s 
due t o a d i r t y f l o a t , t he del ivery r a t e a t a meter reading equivalent t o 35 gni/min. 
being 36,5 gn/min. Recalcula t ion of the chlor ine balances on t h i s r a t e brought 
these i n t o c lo se r agreement with the t h e o r e t i c a l figure® The meter was cleaned 
and r e c a l i b r a t e d be fo re run l 6 . 

The r e s u l t s of run l6 are given i n Table 11«12o This run was c a r r i e d out on 
a charge of ^6^0 gm. and a t a ch lor ine r a t e of 36«5 gm/min., t h i s being the 
ch lo r ine r a t e used i n the previous runs when correc ted f o r meter errocTB In t h i s 
run the condi t ions of run 15 were repea ted , ch lo r lna t ion being commented a t 970OC® 
During the f i r s t twenty s i x minutes of the run no r e s u l t s were obtained because of 
Madijperation of the r a t e meter . 



Figure 11 »5 shows the measured rate of formation of titanium tetrachloride 

for runs 14, 15 and 16 plotted against the bed ten^rature. The proceed\ire of 

run 14 differed from runs 15 and 16 in that the chlorination -was commenced at 

907^ and tiie tonperature was then raised to 987^# It is important to note 

that as the temperature was rsiised complete oDnversion of the chloride was 

aciiieved at 90?^ witli a bed containing 1100 gm© of rutile stnd continued for 

tv/enty five minutes, by wliich time the temperatiire had reached 98?^» and the 

oxide content of the bed had fallen to 7^0 gins» After this point the rate 

fell off althou^ the temperature was still temporarily held at 987^* As the 

temperature was reduced the rate came down also and settled onto a line having 

a slope of 1#66. 

Runs 15 and 16 were commenced at 970^ and the temperature was then 

progressively reduced* Si run 15 rates were obtained at the start of the run, 

which were in excess of the theoretical amount for the chlorine feed, but as 

the chlorine balances for the remainder of the run show a high order of 

accuracy, these results can have only been due to h i ^ chlorine rates before 

this was adjusted to the coxxect figure* For the remainder of the run the 

results showed little deiiation from a line having a slope of 1«66, The 

results of run 16 are in good agreement with those of run I5, althou^ they are 

in general slightly hi^er; at a rate of 30 gm«/min* this difference being 

approximately five percent* 



Correlation of the Variation pf Reaction Hate 

with T^peratu2?e 

From the aresults o'btained during the experiments carried out on Series II 

atnd described above, it may be concluded that the reaction of chlorine with 

rutile to form titanium tetrachloride commences at approximately 2JJOOQO and the 

reaction rate gradually increases yielding at about 6009CJ sufficient titanium 

tetrachloride to saturate the tail gas. From approximately the reaction 

rate - temperature relation ship for the reaction 

Ti02 + C + 2Cl2 TiCl4 + CO + CO2 

follows a straight line having a slope on the scales used of 1.66» This data 

then gives the equation 



HJĥ re 

R̂ t = the rate of foimation at (gm/mih) 
= the deterained rate at tOcJ (gn/min) 

and dT = (t* - t) centigrade degrees 

for the rate - tempera-ture relationship for the reaction 

TiOg + C + 2012 TiCl4 + CO + CO2 

from which a temperature coefficient for the reaction rate of 0,̂ 166 gn/mirv^^ is 

obtained® 

The experimental results of runs 14, ^ ^ show that this equation 
holds through the range G^O^ to 1000^, which was the maximum ten^ratiare 
obtained. The data at the top of the range does not whow the same accuiracy as 
that obtaining at lower temperatxjres, due to the high chlorine conversion 
occurring at these temperatiires* Below 630^ the points shov/- some flattening 
of the curve, and it may be ej5)ected that the curve would become asymptotic to 
the temperature axis« 

the 
The data does not show/flattening out of the rate -whichms obtained by 

McTaggart, who found no increase in the rate above 700^• This would seem to 
indicate that the rates obtained by this worker above 7OOQC! were controlled by 
either the chlorine feed to the reactor or the wei^t of oxide in the bed. 

The results of runs 11 and 14 have shown that it is possible to obtain 
complete conversion of the chlorine feed to the reactor® Run 14 shows that 
complete conversion for a chloilne rate of gm/min. and a bed containing 
1100 gm, of titanium dioxide could be achieved at 90?*^ and was maintained at 
a temperature of 98?^ for a bed containing 76O gfti. of oxide. 



As the rate of the reaction decr^ses with ten^rature, a deeper bed Yrould 

"be required to achieve this high degree of conversion. 

Composition of the Gas leaving, the Condenser 

Analysis of the tail gas from the condenser was carried out for chlorine, 

titanium tetrachloride, carbonyl chloride, carbon monoxide and carbon dioxide, 

and showed the presence of each of these compounds. 

The amount of chlorine in the tail gas depends on the conversion being 

obtained in the reactor at the time at which a sample was taken, and, as has 

been discussed, would vaiy with the temperature and the amount of material in 

the bed* 

As in ariy system in "wdiich a liquid is condensed from a mixture of gas and 

vapour, the amount of titanium tetrachloride in the tail gas is a function of 

the temperature at which the gas leaves the condenser, and a comparison of the 

amount of titanium tetrachloride in the tail gas determined from the chemical 

analysis, and the amounts calanlated for saturation at the gas temperature. 

Table 1 1 s h o w s that the gas contains very little, if any, titanium 

tetrachloride entrained in the form of liquid drops. 



Table 11^15 

Run TiOl;^ loss i n TG.gn/rain. Run 
AnaJy^is For Saturation 

8 Oo9 1.12 
9 1.0 1.10 

10 m 6 1.39 
11 n 5 o 
14 1^30 1.69 
16 n 3 1 n 7 0 

These resu l t s shovf tha t the r e s u l t s obtained by cheinioal analysis eire low, 

as superheating could not occur i n the appariitus used. The ana ly t i ca l f i g u r e s , 

i f in e r r o r , would be l i k e l y to ere on the lov7 s ide, a s , owing to the cons t ruc t -

ion of the absorption b o t t l e s , some d i f f i c u t l y -was found i n con^letely removing 

the hydroxide f o r i gn i t i on and weighing. The values f o r sa tura t ion a re t he re fo r 

considered to be the more accurate, .although the e r rors which would r e s u l t fi*om 

use of the anal^rtical values are not l a r g e . These higher f igures w2nild a l so 

r e su l t i n lower values f o r the caibonyl chlor ide, as these were ca lcula ted from 

the t o t a l clilorides present* 

Snail amounts of caibonyl chloride were found in the samples of gâ s 

col lec ted, but i s considered to have been formed by the reac t ion of ciilorlne and 

carbon monoxide under the inf luence of l i g h t a f t e r the gas had l e f t the r e a c t o r , 

as the f igu res of Godnev and Pamfilov (45) f o r the equilibrium p a r t i a l pressure 

of carboi^l chloride i n the range of îDO® to 1000^ show tha t t h i s compound 

would not be formed a t the reac t ion tenperature . 

The analysis have shown t h a t both caibon monoxide and caibon dioxide are 

formed during the reac t ion . Examination of the composition of the t a i l gas 

f o r runs 3 to 16 on a chlorine and chloride f r e e b a s i s (Table11.l6) shows tha t 



reaction temperature is one factor deteimining the amoimt of carbon monoxide 

formed in the bed, an increase in the temperatuire increasing the amoimt of 

carbon monoxide in the tail gas* Other variables are, however, also appstrent 

in -wdiich the amo\mt of caibon monoxide in the gas varies although the temperature 

of the bed remains fairly constant* 

In a system in "which caibon dioxide, caibon monoxide and solid caibon are 

present the ccxnposition of the gas leaving the bed will be influenced by the 

reaction^ 

CO2 + C 2C0 

in 7;hich the equilibrium (constant kL = ^ ^ O ) will be altered by cliange in 
^ f? CO2 

t«iij)erature, and the attainment of equilibrium;, and consequently the ratio of 

monoxide to dioxide ̂  by the time of contact of the gas mixture with the solid 

carbon. This would change with cliange in the wel^t of the bed and the ratio 

of caibon to rutile in the bed* The ratio of caibon to rutile in the bed 

increases in each run as the run proceedes as the beds used initially contsiined 

sufficient carbon to maintain the reaction in which caibon monoxide is formed as 

the only oxygen containing product* 

The effect of the inc2:^sed caibon content of the bed is seen in the results 

of run 3 in which the tonperature was held at 920^ to 900^ and the caarbon monojai 

content rose from 52 to A similar trend is seen in the results of runs 4 

and 6, althou^ in run 7 an opposite trend can be seen. In each of these runs 

the reduction of the total weight of the bed would tend to decrease the amoxmt of 

carbon monoxide by lowering the reaction time, although the total pressure of 

carbon dioxide and monoxide is also lowered by the reduced conversion of chlorine, 

and it is in^ssible to completely separate the effects of these three variables* 



Table 11>16 

Tail Gas Analysis for CO & COq : Chlorine & Chloilde free basis 

Eun Bed Run Bed 
and Teinp» co^ CO ^ and T«np. C02̂  cq̂  

Sainple ^ Sanrple ^ 
C02̂  

3 1 820 47.8 52.2 4 1 915 it6.8 53.2 
2 910 53.8 2 907 4^.1 53.9 
3 900 43*2 56.2 

5 1 825 53̂ 6 4S.4 6 1 710 61̂ 9 38̂ 2 
2 800 56̂ 4 43.6 2. 740 63.2 36.8 
3 800 62*2 37.8 3 725 66.8 33.2 

805 62.2 37.8 4 725 62̂ 4 37.6 
7 1 615 59.5 8 1 855 51.3 A8.7 

4 725 67.2 32.8 2 850 56.8 43.2 
5 725 65.0 35.0 3 850 55.8 
6 725 69.6 30.4 4 82,0 56.2 43.8 

9 1 758 ' 59.2 ¥).8 10 1 988 ij2.2 57.8 
2 750 61 ̂ 7 38.3 2 987 i^.O 58.0 
3 725 64̂ 6 35.4 3 915 45.7 54.3 
fe 690 67.0 33.0 4 928 '54.0 
3 735 66.2 33.8 5 895 4U4 55.6 
6 7̂ 5 58.4 41,6 

11 1 975 i*2»4 57.6 14 1 924 49.7 50.3 
2 •997 41.3 58.7 2 967 45.0 55.0 
3 9¥) 43.5 56.5 3 978 55.8 
4 917 50.7 49.3 4 m 52.4 47.6 
5 906 kS.S 51.2 5 750 60.1 39.9 
6 875 45.8 5V2 

15 1 905 58.4 41.6 16 1 945 51.6 48.4 
2 874 56.2 43.8 2 826 54̂ 3 45.7 
3 835 62.0 38.0 3 745 61.2 38.8 
4 735 61^7 35.3 4 698 72.6 27.4 
5 670 67.2 32.8 5 688 67.6 32.4 

6 615 69,4 30.6 



I n these runs in ^ i c h the temperature was he ld ccaistant , or was not v a r i e d 
l ini formly throughout the run , the e f f e c t of temperatiare on the composition of the 

t a i l gas i s b e s t shown by p l o t t i n g the ana lys i s f o r carbon monoxide on samples 

taken a t the beginning of each run aga ins t temperatxire* By using the samples 

taken a t the beginning of the run the changes due t o the o ther v a r i a b l e s d i scussed 

above a re reduced t o a minimum. 

Fijjure I I06 

Figure 11#6 shows the amount of carbon monoxide i n the t a i l gas, expressed a s 
( 

a percentage on a ch lo r ine and ch lor ide f r e e b a s i s , p l o t t e d aga ins t the temperature 

of the bed from which the samples were taken® Three curves a r e shown; curve *a' 

i s the p l o t f o r the f i r s t two samples from each of runs 3 t o 14, while curves ' b ' 

and a r e the p l o t s f o r the gas a n a l y s i s taken during r ims 15 and I6 respec t ive l j i 



Although the results plotted for curvd show some scatter, the variation 
of the percentage of carbon monoxide in the tail gas with the change in temperature 
can be clearly seen, an increase in temperature from 700® to 1000^ increasing the 
amoimt of csLrbon monoxide formed from approximately 32 to Similar trends 

are apparent in curves 'b* and 'c' although in each case the amount of carbon 
monoxide fomed at high temperatures is lower than the amounts formed at similar 
difference exists for the results of runs 15 and 16 although these runs were 
carried out under identical chlorination conditionso It is thought that the 
difference between the carbon monoxide formation for runs 15 ŝ nd l6 can perhaps 
be explained by differences in the initial reactivity of the carbon, caused by 
different heating rates used to bring tW? bed up to temperature, and the time the 
bed was held at temperature before chlorination was commenced* 

The increased fomation of carbon monoxide with increase in temperature 
would be expected for a system containing carbon monoxide, carbon dioxide and 
solid carbon, although the theoretical equilibrium (FigureJ App»inlijL l) is at 
no time obtained* 

These results show the existence of a marked difference between the 
chlorination of briquettes and the chlorination in a fluid bed. In the 
chlorination of briquettes the product of the reaction is almost entirely carbon 
monoxide, ̂ ile as seen ftrom the above data chlorination in a fluid bed yields 
between fourty and seventy percent carbon dioxide depending on the temperature 
at which the reaction is carried out« The most obvious explanation of the hi^er 
amotonts of carbon monoxide obtained in the chlorination of briquettes is the 
smaller carbon particle size used, the greater intimacy of contact achieved 

between rutile and carbon, and the lower reactor velocities used, each of which 
factors would allow a closer approach of the theoretical equilibrium* 



McTa^art repor ted tha t the c l i l o r imt ion of "briquettes a t 700^0 y ie lded 

aknost en t i r e ly carbon monoxide as the oxygen containing product of the 

r eac t i on , isdiich i s above the t h e o r e t i c a l eqjuilibrivim (S tansf ie ld - 4 9 - ) of 

carbon monoxide f o r t h i s temperature. This measured teanperature i s , however, 

open t o question as the t rue ten^era ture of the r eac t ion , as i n t h e b r ique t t e 

process the measured t e n ^ m t u r e i s tha t around the bri^\aette, no t of the point 

a t which reac t ion occurs. As the overa l l r eac t ion taking place i s exotheimic, 

the temperature i n the b r ique t t e could be h i ^ e r than tha t measured, which 

could account f o r the foimation of the l a rger amounts of caibon monoxide. In 

the f l u i d bed process the c h a r a c t e r i s t i c s of the bed would preclude the 

existaj ice of such temperature d i f f e r e n c e s . 

The h i ^ concentrat ions of caibon dioxide in the t a i l gas shows i t t o be 

one of the basic products of the reac t ion , as the concentrat ion of carbon 

monoxide i s a t a l l temperatu3?es below the equilibrium concentration^ f o r the 

0 - CO - CO2 systan 

which ru les out the p o s s i b i l i t y of formation of caibon monoxide as the product 

of react ion followed by decomposition to f o m carbon dioxide and caibon. 
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CHAPTER XII 
Study of the Mechsinism of the Chloidnation of Rxxtile 

in the Presence of Carbon 

As discussed in Chapter III, the theoretical consideration of 
hetrogeneous reactions and the literature on the reaction of chlorine with 
carbon-rutile mixtures lead to the conclusions that the most likely mechanism 
for the rea.Gtion of chlorine with rutile in the presence of carbon was the 
adsorption of chlorine and carbon monoxide on the titanium dioxide surface and 
reaction there to fom titanium tetrachloride and carbon dioxide, 

Ti02 + 2C0 + 2Cl2 TiCl^ + 2CO2 
followed by the inaction of carbon dioxide with the carbon in the bed to fonii 
the carbon monoxide required for the reaction of chlorine with titanium dioxide 

CO2 + C ^ 2C0 

The data gained from the experiments on the effects of chlorine velocity, 
bed depth and temperature on the rate of the reaction offered some support for 
this m-echanism, as these results showed clearly that the reaction formed both 
carbon dioxide etnd csiibon monoxide, ajid that the ratio of monoxide to dioxide 
Y/as governed by the temperature of the bed. As the above mechanism suggested 
that carbon was not directly involved in tlie first reaction step it was 
decided not to investigate the effect of variation of the amount of carbon in 
the bed on the reaction rate until the chlorination using carbon monoxide 
instead of carbon had been investigated® 

The mechanism of the reaction is, as discussed in Chapter III, best 
investigated using a flov/ system in which a stream of gas is passed through 
the bed, fluidizing the charge and reacting to fom titanium tetrachloride 
and 6he oxides of carbon. 



The order, of the reaction with respect to the reactanis YTRS investigated 

"by varying the partial pressure of the reactants in the feed, while the effect 

of the pixjducts on the reaction was deteimined by adding the product to the 

feed to the reactor tmd varying its partial pressiire by altering the rate of 

flow of the ccanponent to the reactor and adjusting the flow of an inâ ctilre 

carried gas (nitrogen) to maintain a constant total rate of flow* The total 

pressure of the system was inaintained at atmosi^eric, and the partial pressure 

of the component in atmospheres was then its fraction of the total flow. For 

a constant total flow the residence tl̂ ne of the gas in the reactor is constant 

and for fluid beds the characteristics of the fluidization does not alter 

greatly. 

. The order of the reaction with respect to chlorine was investigated by 
varying the partial pi^ssure of chlorine in the feed to the reactor. For 
each partial pressure used, a batch chlorination was carried out and the mte 
of foimation of titanium tetrachloride at a knov/n weight of o:d.de in the bed 
determined forom a plot of the reaction rate versus the instantaneous weight of 
oxide in the bed. The rates of reaction at a constant weight of oxide in the 
bed were then plotted against the partial pressure of chloilne, and an order of 
reaction detennined from the curve so obtained. This order of reaction is an 
apparent order only, the relationship of the true and apparent orders depending 
on the percentage con̂ /ersion of the feed at which the rates are measured, as 
well as the mechanism of the reaction itself. 

The products of the reaction could be expected to effect the mte of the 

reaction in tivo v/ays. If the products are not readily desorbed from the 

surface at which the reaction is taking place, the reaction may be retarded by 

inc2?eace in the concentration of the products in the gas phase T̂ iich would 

result in increase in the proportion of the free surface covered by the produc"̂  



should t h e r e a c t i o n be a u t o c a t a l y s e d , t h e r e a c t i o n r a t e would be i n c i ^ a s e d by 

an i n c r e a s e i n t he concen t r a t i on of t h e p roduc t . The r e a c t i o n mechanism v ^ c h 

had been p o s t u l a t e d however, precluded t h i s l a t t e r p o s s i b i l i t y , and i f t h e r e m s 

t o be any e f f e c t on t he r a t e due t o t h e pix)ducts, t h e p o s t u l a t e d mechanism 

sugges ted t h a t t h i s shovild be r e t a r d a t i o n due t o t h e slow deso ip t i on of e i t h e r 

carbon dioxide o r t i t a n i u m te t rach lor ide® 

The r o l e of the p roduc t s i n the r e a c t i o n was determined by vary ing t h e 

p a r t i a l pressixre of the product in t roduced i n t o tlie f e e d t o the rea jc tor , u s i n g 

the technique descr ibed above, p l o t t i n g t h e r a t e of fo rma t ion of t i t a n i u m 

t e t r a c h l o r i d e aga ins t t he psLrtial p r e s su re of the product i n t h e feed« I f t h e 

r a t e f a l l s wi th inc rease i n t h e p a r t i a l p r e s s u r e of the p roduc t , t h e r e a c t i o n 

r a t e i s r e t a r d e d by t h a t p roduc t . 

The o rde r of r e a c t i o n wi th r e spec t t o carbon monoxide was determined by 

hold ing the c h l o r i d e r a t e c o n s t a n t and vary ing t h e f e e d r a t e s of carbon monoxide 

and n i t rogen t o a l t e r the p a r t i a l p ressure of carbon monoxide i n t he f e e d , and 

main ta in t he t o t a l r a t e of f low c o n s t a n t . The r e l a t i o n s h i p of t h e r a t e of 

format ion t o t he p a r t i a l p r e s s u r e of carbon monoxide was then determined as 

o u t l i n e d above f o r c h l o r i n e . 

I n drawing up a d e t a i l e d prxjgramme f o r i n v e s t i g a t i n g the r e a c t i o n 

mechanism i t was decided t o adopt a t o t a l r a t e of f low t o t he r e a c t o r of 

twelve l i t r e s p e r minute , t h a t i s 35*5 gn/min. of c h l o r i n e f o r a c h l o r i n e 

p a r t i a l p r e s su re of one atmosphere, which r a t e had been proved i n p r ev ious runs 

t o g ive t h e most s a t i s f a c t o r y ope ra t ion of t h e exper imenta l appa ra tus , A 

tempera ture of SOO^ was s e l e c t e d f o r the runs as a tempera ture v^ ich gave a 

h igh r a t e of r e a c t i o n , and which could be r e a d i l y ob t a ined and c o n t r o l l e d 

dur ing t h e whole of t h e b a t c h chlorinat i2jn» Table 12.1 g ives the gas f l ow 



rates and partial pressures for the investigation of the oilers of the reaction 

witli respect to ciilorine and carbon monoxide, and the effect of the reaction 

products on the rate of the reaction* 

In drawing up this programme it was decided to deteimine four points on 

the rate-partial pressure curve for ciilorine which with the origin made a total 

of five points on the curve, and three points on the rate-partial pressure curves 

for carbon dioxide, caibon mono:d.de and titanium tetrachloride, making witli the 

origin a total of four points on each curve. If these results showed a marked 

scatter it would then be possible to do additional runs to fill in the da£a "wdiere 

needed* 

Table 12,1 

Flow rates for experiments varying the Rirtial Pressures of Chlorine, 

Carbon Dioxide, Titaniijm Tetraciiloride and Caibon Monoxide* 

Run 
Chlorine 

! 

Nitrogen Carbon 
Dioxide 

Titam: 
Tetrach] 

Lun 
Loride 

Carbon 
Monoxide Run 

VGI2 
ats* 

Feed 
Rate 
l/min» 

RT2 
ats. 

Feed 
Rate 
l/inin. 

PCO2 
ats. 

Feed 
Rate 
l/min. 

PTiCl4 
ats. 

Feed 
Rate 
l/rain. 

PCO 
ats. 

Feed 
Rate 
l/min 

CI2 

1 n o 12.0 0 0 

2 0.75 9.0 0.25 3.0 

3 0.5 6.0 0.5 6.0 

4 0.25 3.0 0.75 9.0 

CO2 

5 0.5 6.0 0 0 0.5 6.0 

6 0.5 6.0 0.2 2.4 0.3 3.6 

7 0.5 6.0 0.35 4^2 0.15 1.8 

TiCl^ 

8 0.5 6.0 0 0 0.5 60O 

•9 0.5 6.0 0.2 2.4 0.3 3.6 

10 6.0 h.2 0.15 1.8 

CO 

11 0.5 6.0 0 0 0.5 6.0 

12 0.5 6.0 0.2 2.4 0.3 3.6 

, 13 f 0.5 6.0 0.35 4»2 0.15 1.8 
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I n t h i s scheme run 3 '''ra.s common to each cor re la t ion^ 

To el iminate v a r i a t i o n s due t o t he p a r t i c l e s i z e of the charge , i t was 

necessary tha t each run "be c a r r i e d out on r u t i l e and cai^on prepared i n the 

same "batches* The bulk mater ia l s were prepared as described above, bu t were 

not mixed u n t i l immediately be fore each run« The mate r i a l s used had the s i z e 

a n a l y s i s shown i n Table 12»2. 

Table i2»2 
Size Analysis of i i a t e r i a l s used 

i n Experimental Se i l e s I I I 

Tyler fo Welc^ht 
Mesh R u t i l e Carbon 

65 0 , 5 14.5 
100 32»5 52.0 
150 7 ^ 5 75.0 
200 85.5 89o5 

-200 100,0 100,0 

•wfcich gave average p a r t i c l e s i zes of 0,0053 i n s . and 0»0058 ins» f o r r u t i l e and 

carbon r e spec t ive ly . The r u t i l e , as i n the previous ba tches , analysed 97 

t i t an ium dioxide, while the petroleum coke analysed 2,3/o v o l a t i l e s , 9 7 , ^ f i x e d 

carbon and 0 , ^ ash . 

As i n the previous runs the charge was prepared with the s t iochiometr ic 

amount of carbon f o r the conversion of a l l t he ox '̂̂ gen i n t h e r u t i l e to carbon 

monoxide, and f o r these runs a charge weight of 700 ^ns, s e l e c t e d . As i t 

i s necessary t o determine t he r a t e of formation of t i tanium te t rac l i lo r ide f o r 

small conversion of the ch lo r ine feed t h i s requi red t ha t the r a t e be determined 

a t the end of the run when su r face area of the mater ia l i n the bed ava i l ab le 

f o r r e ac t i on was small . As the p a r t i c l e s i z e of the ma te r i a l i n the bed 

changes a s the run proceeds t h i s means t h a t t h e r a t e s must be determined f o r 

each run a t t h e same weight of oxide i n the bed , and t h a t each runs must s t a r t 
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from the same weight and particle size of chaise* Under these conditions equal 

amounts of oxide would be removed from the bed resulting in similar changes in 

the psirticle size for each run* 

In the preliminary runs carried out before the determinations were commenced 

i t was foiind that increased tsiil gas rates due to the addition of nitrogen to 

the system resulted in the carryover of too much ferric chloride, blockages of 

the fog separation system and inaccurate rate measurement, and i t was once again 

necessary to modify the equipment to correct this fault. The apparatxis xis^ 

f o r this purpose i s shown in Figure 7®8 in Chapter VII. 

The Effect of Chlorine on the Reaction 
The results of the runs carried out to investigate the order of the 

reaction with respect of chloriije are given in Tables 12#3 to 12«7* Run 3 

(Table 12.5) was repeated in Table 12»6 due to the low values obtained for the 

clilorine balances which were thou^t to be caused by low chlorine rates resulting 

from bad control of the chlorine flow to the reactor. 



TaTjle 12»3 
Run 1 

Time 
Run 
Min» 

TiClh. Rate pjn/min̂  Ti02 
R^ov.Rate 
Kn/min. 

Weight 
Ti02 in 
Bed 

Time 
Run 
Min» Measured Total 

Ti02 
R^ov.Rate 
Kn/min. 

Weight 
Ti02 in 
Bed 

3oO 37.5 38.9 16^4 476 
4.5 37.5 38.9 16.4 452 
7.0 3S.5 37̂ 9 16.0 412 m 

8̂ 0 33.6 33.0 14.8 396 
9̂ 0 34.8 36.2 15.3 381 

10^0 35oO 36.4 15.3 365 
i n 5 33.6 35.0 14.8 343 
13^0 
1ifO 
15*0 

35.2 
33.6 
23.hr 

36.6 
33.0 
30.8 

15.4 
14.8 
13.0 

320 
306 
291 

Chaise: 700 m. 

Temp.: 900% 

16,5 32.4 33.8 14.3 267 ^lo : 1.0 ats. 
18.0 
19»5 
21.0 

31.8 
29.2 
27.8 

33.2 
30.6 
29.2 

14.0 
12.9 
12.3 

249 
229 
210 

Cl^jRate: 12 .0 V^in. 
35.5 gn/min* 

22»0 27̂ 8 29.2 12.3 197 •̂ 2 2 0.0 ats. 
24.0 28.0 29.4 12.4 174 
25.0 25»8 27.2 11.5 162 Residues 
27.0 22.9 24.3 10.3 141 Reactor: I40 gm. 
29̂ 0 20.6 22.0 9.3 121 Annulus: I40 gm. 
31 18.6 20.0 8.4 103 Cyclone: 4 gm. 
33.0 17<.2 18.6 7^8 87 
34̂ 0 17^3 18.7 7.9 79 Chlorine B^anoe 
35.0 15^4 16.8 7.1 72 Time % Accounted 
36̂ 0 
38̂ 0 
iiO.O 
li2.0 

14.0 
11.4 
10.6 -
7.9 

15.4 
12.8 
12.0 
9.3 

6.5 
5.4 
5.1 
3.9 

65 
53 
43 
34 

Run 
Min. 

13 97.5 
23 93.0 
33 96.0 

Tail Gas Data Barometer 761 inm«Hg, 
Time 
Run 
Min. 

Temp. 
OG 

Rate 
giiŷ min. 

Analysis ^ Time 
Run 
Min. 

Temp. 
OG 

Rate 
giiŷ min. CI2 TiCl/^ CO2 CO N2 

13 26.5 20.2 24.3 1.64 40.6 33.6 
23 26.5 22.5 32.8 1.64 33.1 32.5 
33 27.0 26.4 65.6 1.71 14.8 18.0 



Table 12o4 
Run 2 

Time 
Run 
Min» 

TiClL. Rate Wmin. Ti02 
Reinov.Rate 

gnv̂ min. 

ViTeight 
Ti02 i n 
Bed ̂ gn. 

Time 
Run 
Min» Measiired Total 

Ti02 
Reinov.Rate 

gnv̂ min. 

ViTeight 
Ti02 i n 
Bed ̂ gn. 

11aO 28.8 30.8 13.0 387 
12^5 28.8 30.8 13.0 368 

27^4 29.4 12.4 362 
27.8 29.8 12.4 350 
27.8 29.8 12.4 350 
26.1 28.1 11.8 344 Ghar:p:e i 700 
25.8 

28.1 344 Ghar:p:e i 700 
15.5 25.8 27.8 11.7 332 
16.0 25.1 27.1 11.4 326 Temp. : 900°C 

17.0 25.9 27.9 11.8 314 ^Olo: 0.75 ats. 
17.75 24.3 26.3 11 .1 306 
18.75 24.4 26.4 11 .1 295 Clp : Rate 9l/inin. 

19.5 26.6 28.6 12.1 287 - 26.6 gc/min. 

20^5 23.9 25.9 10.9 276 : 0.35 ats. 
21«>0 23.6 25.6 10.8 270 N? Rate: 3 l/min. 
22^0 23.9 25.9 10.9 260 

22.6 
25.9 = 3.5 ©i/min. 

23.0 22.6 24»6 10.4 249 
= 3.5 ©i/min. 

24.0 21.8 23.8 10.0 239 Residues: 

22^75 21.4 23.4 9.9 231 Reactor 153 0a. 

25.75 23.0 25.1 10.6 221 Annulus 153 ©a. 

26.5 21.5 23.6 10.9 215 Cyolone 9 gm. 

27.5 21.8 23.9 11 . 1 206 Chlorine Balance: 
28.5 20.6 22.7 9.6 196 Time ^ 
29.5 20.8 22.9 9.6 187 ^ ^ A ^ X . w. ̂  Accounted 
30.P 20.8 22.9 9.6 187 
30.5 18.8 20.9 8.8 177 19 97.5 

31.75 19.0 21.1 8.9 166 29 98.0 
i 

32.5 18.0 20.1 8.5 160 39 1 02̂ .0 

34.0 17.9 20.1 8.5 
35.0 16.4 18.6 7.8 137 
36.25 18.4 20.6 8.7 127 
37.25 15.1 17.3 7.3 120 
38.75 15.0 17o3 7.3 108 



Table Continued 

Time 
Run 
Itoio 

TiDlh. Rate gjV^min* Ti02 
Remov® Rate 

Wei^t 
Ti02 i n 
feed mo 

Time 
Run 
Itoio Measured Total 

Ti02 
Remov® Rate 

Wei^t 
Ti02 i n 
feed mo 

ho.o 14,7 17.0 7.2 99 

41.5 16^4 6,9 89 
45.0 14.6 6.2 79 
45.0 10^3 12.6 5.3 68 
47.0 8.7 11.0 4.6 58 

Tai l Gas Data Baraaeter 752 inra,Eg« 
Time 
liun 
Min. 

Temp. Rate 
gnV'min. 

Analysis % hy Volum< A 
Time 
liun 
Min. 

Temp. Rate 
gnV'min. Cl2 TiClL C02 CO Np 

19 

29 

39 

32.5 
32.5 
32.3 

19.3 
21.3 
24.7 

19.9 
28.6 
41.1 

2.2:7 

2.47 

2.47 

23.3 
l6o9 
11.5 

22.1 

17.5 

13.8 

37.8 

33.3 
31.4 



Table 12,5 
Run 3 

Time TiOlL. Rate CTi/min. Ti02 
Remov.Rate 

Weight 
TiOp in XCUIl 

Ti02 
Remov.Rate 

Weight 
TiOp in 

Min, Measiired Total gnv/min. Bed 011. 
6»0 11.8 13.5 5.7 462 
7aO 15.1 16.8 7.1 456 

16.0 17.7 7.45 439 
9.75 16.1 17.8 7.5 430 

11.0 15.0 16.7 7.0 421 
12.5 14.4 16.1 6.8 410 
lA^O 15.3 17.0 7.2 400 

Chaî p̂ e: 700 pjn. 
15.0 

15.3 17.0 7.2 400 
Chaî p̂ e: 700 pjn. 

15.0 15.2 16.9 7.1 393 
Chaî p̂ e: 700 pjn. 

16.5 14.0 15.7 6.6 382 Temp.: 900PC 

18.0 14.5 16.2 6.8 372 Bartial Pressure: 
19.5 14.4 16.1 6.8 361 CI2 5 0.5 ats. 
20.5 . 15.0 16.7 7.0 355 N2 : 0.5 ats. 
22.0 13.8 15.5 6.5 344 Plovfs to React.: 
23.5 

13.8 15.5 6.5 344 Plovfs to React.: 
23.5 14.3 16.0 6.7 334 OI2 : 6 l/min. 
25#0 14.2 15.9 6.7 324 

"̂ 7.75 gcv/min. 
26.0 1^2 15.9 6.7 318 No : 6 l/min. 
28.0 13.5 15.2 6.4 305 

Cm ' 

7 gn/min. 
29.5 13.9 15.6 6.6 295 

Cm ' 

7 gn/min. 

31.0 13.6 15.3 6.4 285 Residues: 

32.0 12.9 14.6 6.1 279 Reactor: 137.5 gm. 

^4.0 12.9 14.6 6.1 267 60.6^ Ti02 

35.5 11.9 13.6 5.7 258 Cyclone: 7.5 gm. 

37.0 13.5 ^ 15.2 6.4 248 10.^ Ti02 

38̂ 5 12.6 14.3 6.0 239 
¥).5 12.1 13.8 5.8 228 

11.9 13.6 5.7 219 
kh.0 12.2 13.9 5.9 208 
45.0 11.6 13.3 5.6 202 
47.0 12.2 13.9 5.9 191 
49.0 11.5 13.2 5.6 180 
51.0 10.2 11,9 5.0 169 



Table 12»5 Continued 

Tame 
Run 
Min, 

TICIl Rate Wmin, Ti02 
R«!K!iv.Rate 
f5i\/min. 

V/eight 
Ti02 in 
Bed fm^ 

Tame 
Run 
Min, Measured Total 

Ti02 
R«!K!iv.Rate 
f5i\/min. 

V/eight 
Ti02 in 
Bed fm^ 

10.4 12.1 5.1 154 
56^0 10.0 11.7 4.9 143 
5S.5 10.2 11.9 5.0 131 
60.0 9^5 11.2 4.7 123 
62.0 11.6 î-.9 114 

9.2 10.9 4̂ 6 104 
66.5 8.1 9.8 4.1 93 
6%0 8,6 10.3 4.3 82 
7U0 8.6 10.3 4.3 74 
73.5 7.7 9.4 4.0 64 
77.0 6.4 8,1 3.4 51 
79.5 6.0 7.7 3.2 h2 

Chlorine Balances: 
Time 
Run 
Min^ 
15 
31 
50 

Accounted 

92^5 
90.0 
96^0 

Tail Gas Data Barometer 7^3 inm.Hg» 
Time 
Run 
lan. 

Temp. Rate 
gpa./min. 

An alaysis % by volume Time 
Run 
lan. 

Temp. Rate 
gpa./min. Cl2 TiClî  CO2 CO N2 

15 
31 
50 

29 
29 
29 

17.0 
17.3 
18.2 

12.0 
liH.5 
18.6 

2.04 
2.04 
2.04 

14.0 
10.5 
9.9 

15.7 
U^O 
11.5 

57.2 
59.0 
57.2 



T a b l e 12«6 

Run 5A. 

1 5 1 . 

Time 
Run 
Min» 

TiCli^ Rate grn/min. - Ti02 
Remov» Rate 

gra/niin. 

Weight 
Ti02 i n 

Bed gm. 

Time 
Run 
Min» Measured T o t a l 

- Ti02 
Remov» Rate 

gra/niin. 

Weight 
Ti02 i n 

Bed gm. 

13^8 15^7 6 . 6 

6 . 7 5 15^3 17*2 7 . 2 454 

8 .0 1 6 . 9 1 8 . 8 7 . 9 445 

9/0 1 7 . 7 19^6 8^3 437 

10.25 1 8 . 5 2 0 . 4 8.6 2,26 

11 •25 1 7 . 7 1 9 . 6 8 . 3 416 

1 2 . 5 1 8 , 8 20^7 8 . 7 2|06 

1 5 . 0 1 8 . 0 1 9 . 9 8 . 4 384 C h a i s e : 700 gpi* 
1 6 , 0 1 8 . 1 20.0 8 . 4 376 

C h a i s e : 700 gpi* 

1 7 . 0 1 7 . 7 1 9 . 6 8 . 3 368 Terap.: 900*^ 

18.0 17^3 19^2 8 . 1 359 P a r t i a l P r e s s u r e : 

1 9 . 5 17*3 19*2 8 . 1 359 CI2 : 0 . 5 a t s . 

19^5 17^6 19»5 8 . 2 347 N2 ; 0 . 5 a t s . 

20.5 1 7 . 5 1 9 . 4 8 . 2 339 Flows t o R e a c t o r : 
22.0 1 7 . 0 1 8 . 9 8 . 0 327 

CI2 : 6 l . / m i n . 
23.0 16 .8 1 8 . 7 7 . 9 319 

1 7 . 7 5 gnr/min. 
2iH.25 16 .1 18.0 7 . 6 310 

"̂ 2 : 6 l ./mi.n. 
25*5 1 6 . 2 18 .1 7 . 6 300 "̂ 2 : 6 l ./mi.n. 

28.0 1 6 . 7 18.6 7 . 8 281 7 gmo/min. 

29o25 1 6 . 3 18.2 7 . 7 272 
R e s i d u e s : 

30^25 1 6 . 0 1 7 . 9 7*5 265 
R e a c t o r 121 ejn. 

3 2 . 0 1 W 16.6 7<.0 252 
51 TiOp 

3 3 . 0 1 4 . 4 1 6 . 3 6 . 9 245 
Cm 

34^5 1 4 . 5 1 6 . 4 6 . 9 235 
C y c l o n e 11 m.*. 

3 6 . 0 1 5 . 9 6O7 225 18.2^ TiOg 

3 7 . 5 13»7 15^6 6 .6 215 

39.0 1 3 . 3 1 5 . 2 6 . 4 205 

¥ ) . 5 1 3 . 2 1 5 . 1 6 . 4 197 

12^5 1 4 . 4 6 . 1 186 

4 3 . 7 5 12 .6 14^5 6 . 1 178 

4 5 . 0 1 2 . 2 1 4 . 1 5 . 9 168 

4 7 . 0 1 2 . 5 14^4 6 . 1 156 

4 8 . 5 1 1 . 1 1 3 . 4 5 . 5 147 



Table 12^6 Continued 

Time 
Run 
Min» 

TiClL Rate m/min . Ti02 
Remov. Rate 

gnv/min. 

Weight 
Ti02 i n 
Bed gm. 

Time 
Run 
Min» Measured Total 

Ti02 
Remov. Rate 

gnv/min. 

Weight 
Ti02 i n 
Bed gm. 

50»25 11.5 13*4 5.6 138 
52*0 11.9 13*8 5.8 128 
54*0 10^3 12.2 5.1 118 
35.5 10,1 12.0 5.1 111 
57^75 9*5 1U7 4.9 99 
59.5 9*1 11.0 4.6 90 
62,0 9o4 11*3 4.8 78 
63.5 9*3 11.2 h.1 74 
66.5 8 .4 10.3 4 .3 59 
68»5 8^3 10.2 4 .3 51 
71*25 1.2 9.1 3.8 40 
74^0 5*3 7.2 3.0 30 
80.0 1.9 3 .8 n 6 18 

Chlorine Balances: 
Time 
Run 
Min, 

20 
40 
60 

Accounted 

103*0 
95.0 
96.0 

Tai l Gas Data Barometer 759 mrn.Hge 
Time 
Run 
l^in. 

Tetiq?. Rate 
gc/rain. 

Analysis % by Volume 
Time 
Run 
l^in. 

Tetiq?. Rate 
gc/rain. Cl2 TiCl4 002 CO N2 

20 29.5 16.9 12.1 2.10 15.0 13.6 51.5 
40 30.0 18.5 17*2 2^17 11.5 11.9 
60 30.5 20.6 24.7 2.24 8.2 9^3 55.1 



Table 12̂ 7 
Run 4 

Time TiCl̂ i. Rate Ti02 Wea^t rfn "1 n xuin • * xcemov. Kaije 1 iU2 
Min. Measured Total ^m/min. Bed ^pi. 
7.5 7̂ 3 9.4 h.0 • 

10.0 8.6 10.7 4.5 434 
12̂ 0 8.8 10.9 4.6 k25 
14.0 8.7 10.8 4.5 416 

8.7 10.8 4.5 m 

18.5 8.3 10.4 4.4 395 
21.0 9.6 11.7 4.9 384 
23*0 . 10.4 12.5 5.3 375 Charge: 700 
26.0 8,8 10.9 4.6 362 Temp.: 900<^ 
28.0 8.2 10.3 4.3 351 
30^5 7.9 10.0 4.2 342 Partial Pi^ssure: 

33.0 8.3 10.4 4.4 332 CI2: 0.25 ats. 

35»5 7.3 9.4 4.0 321 N2 : 0.75 ats. 
38.0 7*5 9.6 4.0 311 \ 

Plows to Reactor: 
40.5 7.5 9.6 4.0 300 CI2: 3.0 l./min. 
kd.o 8.2 10.3 4̂ 3 289 8.88 gn/min. 
hd.O 8.9 11.0 4.6 282 N2 : 9.0 l./min. 
47^5 7.6 9.7 4.1 272 10.5 gnv/min. 

7.2 9.3 3.9 260 
53.0 7.2 9.3 3.9 250 Residues: 
56^0 7.3 9.4 4.0 238 Reactor: 170 gm. 
58.5 7.2 9.3 3.9 228 67.6% TiOp 
61.5 7.0 9.1 3.8 217 Cm 

Cyclone: 11.5 gni. 
64.0 6.8 8.9 3.7 207 19.6^ TiOp 
67.0 7.6 9.7 4.1 196 
70*0 6.3 8.4 3.5 186 
73^5 5.9 8.0 3.4 173 
76.5 5.7 7.8 3.3 165 

• 80.0 5.7 7.8 3.3 152 



Table 12»7 Continued 

Time 
Run 
Min, 

TiCllt. Rate Wmin^ T±02 
1 Remov.Rate 

Wei^t 
Ti02 in 
Bed m» 

Time 
Run 
Min, Measured Total 

T±02 
1 Remov.Rate 

Wei^t 
Ti02 in 
Bed m» 

Q3.5 
87^5 
90^5 

1.5 
7.9 
1.2 

3#2 
3.3 
3.0 

M{0 
123 
119 

GhlorSne Balanoes: 
Time ^ 

Accounted Mm. 
95.0 h.5 6.6 2.8 106 29 101.5 
33.0 h.hr 6.5 2.1 95 59 105.0 

104.0 5.2 2.6 82 19 102.5 

Tail Gas Data Barometer 7^0 mm Jig • 
Time 
Run 
lan.. 

Teoip. Rate Analysis ^ by Volume Time 
Run 
lan.. OC g^min. Cl2 TiCl^ 002 CO N2 
29 • 30»0 17.1 3.2 2»17 l.k 8.6 is.i 
59 29^5 17.5 6.1 2.11 5.Q 6.8 1Q.5 
19 29#5 18^6 8.8 2.11 5.1 7.5 15.0 



Table 12^8 shovTs the titanium dioxide balances, the bed temperature 

at the top theimocouple and the teai^eraturd difference betv/een the 

tiieimocouples for the bed containing 100 gm, of TiOa for tiie runs. 

Table 12.8 

Run 
TiOg 

Balance 
Bed 
Teiî . ^ 

Tesig?. 
Diff. 

1 106 895 5 
2 98 894 4 

102 897 5 
4 97o5 898 10 

These results together Ydth the chlorine balances given in tables 12^3 to 

12.7 show that a high accuracy was obtained in the control of the tempemture 

chlorine rate and the measurement of the titanium tetrachloride rate, and 

hence errors resulting from these sources are small. 

Aec/ 
t 
A 

J"" •'•—•-—— 
RUN I 
PUN 2 

K 
O 
y 

RUN 3/? 
RUN 3 
RUN 4R 

?o ; 

Fip̂ jre 12.1 



The results of these runs are plotted in Figure 12.1, -which shows a 

plot of the titanium tetrachloride formatiion rate versus the weight of oxide 

in the bed# These results, as the results for the correlation of the runs 

in series I es^jjeriments, follow a smooth logarithmc curve® Those points 

which fall away from the curve during the noain part of the run can usually 

be correlated with variation in the chloiifle rate, while the loYf rates at tlie 

end of the runs can "be correlated with low bed temperati;ires due to poor 

temperature control in shallow beds. This was a limitation of the apparatus. 

Figure 12.2 shov/s the plot of the rate of formation of titamum tetra-

chloride for beds containing 100 gms. of titamum dioxide against the chlorine 

partial pressure in the gas to the reactor for the respective runs. The 

results for runs 1, 2, 3R and 4 fall on a smooth curve, while as anticipated 

from the chloriJie baleinces the results obtained from run 3 is low^ 

• R! IT^V I H J I C H L O R I M E R ; | P A R T [ A L U P R C S S U R I 



The chlorine coir/ersion for the four runs at 100 gtns* of titanium dioxide 

in the bed is plotted against the partial pressure ov chlorine in the feed to the 

reactor in Figure 12.3, shovring that the conversion decreases Y/ith increase in the 

partial pressure, falling betv̂ reen 44 axid which values are too high to allow 

auny useful detenaination of the order of the reaction* 

^ I ' • - ̂  Chlonne Afri-Jo/ f^r 
• jT; : - : I . . [Afs. : • . 

Fi,crure 12»3 

Inspection of the curves for the plot of rate of fonnation of titanium tetrachlor-
ide against the weight of oxide in the bed show that values for lower conversion 

cannot v/ith accuracv be talcen from this plot, due to the inaccuracy wiiich was of 
ihherant in the apparatus in the control/the temperature for shallow? beds, but a 
plot of the results on logarithmic coordinates gave a straight line correlation 
which could be safely extrapolated* This plot for the results of runs 1,2,3R and 
4 ^e shOT'/n in Figure 12*4. The results of runs 2,3R and 4 all show good linear' 
correlations betv;een 80 and iiOO ginso of rutile in the bed although there is some 
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Figure 12.3 shows the plot of the titamM tetrachloride foimation rate at 10 gms. 
of oxide in the bed taken from the extrapolated curves of Figure 12,4 plotted 
against the partial pressiares of chlorine in the feed to the reactor on linear 
coordinates. These results , fall on a smooth curve. Rgplotting of the results 
of logarithmic coordinates. Figure 12.6, yields a straight line vrith an equation 

to 
dt = 7.0 p 0.595 

dx T̂ êre = the rate of fomation of titanium tetrachloride in gms. per minute at 
and p = the partial pressure of chlorine in atmospheres. 

J ! : • , •• ; ̂  ' : i : ^ _ ^ ' L ' J ' '' 1 HDA:^ 
f— 

; -H 



12'6 

Ars. 

Fir^ure 

These results show that the Bsaction ii of a fractional apparent order (0.6) 

Twaith repsect to chlorine. Tliis order of inaction is determined for chlorine 

conversions betiveen 14*3 snd 

The effect of Carbon Dioxide on the Reaction 

The effect of carbon dioxide on the reaction v/as investigated by adding the 

gas to the feed to vary the partial pressure of carbon dioxide in the reactor. 

The flô T rate of clilorine v̂ as kept constant at six litres per minute ̂ -^ile^'the 

carbon dioxide rate vjas varied and the nitrogen rate adjusted to maintain a total 

flov; of twelve litres per minute in all e:Mperiments, thus holdir^ the chlorind 

partial pressure at 0.3 stts. vihile the partial pressure of carbon dioxide v/as 

varied between sero and 0.5 ats. as shown in Table 12.1. These experiments were 

cariled out in runs and 7 in the manner previovislj described, the carbon 

dioxide and m t r o gen 2*ates lacing set before the chlorine feed v/as connnencedo 



The results o f these runs axe tabulated in Tables 12.9 to 12,11 and plotted in 

Figures 12.7 to 12.9, i/vhich show the titaniugi tetrachloride production rate 
« 

plotted against the w e i ^ t of o:d.de in the bed. 

6o 6o 7c 80 do loo 200 
ctTlOj^ IN ^eACrOA y/77. 

4oc ^oo 

Figure 12^7 



Table 12^9 
Run^ 

Time 
Run TlClL Rate pjn/min. Ti02 

Remov. Rate 
pjn/niin. 

Wei^ t 
Ti02 i n 
Bed pjn. 

Time 
Run 

Measured Total 

Ti02 
Remov. Rate 

pjn/niin. 

Wei^ t 
Ti02 i n 
Bed pjn. 

5 .0 20^2 21.7 9.2 470 
6.0 19.8 21.3 9.0 2,61 
1.5 19.8 21.3 9.0 W 
8.0 19.4 20.9 8 o 8 442 
3.5 21.0 22.5 9 .4 433 

10.5 19.4 20.9 8.8 424 Charge: 700 
11.5 20.2 21.7 9.2 413 Temp.; 900^3 
12»5 
13.5 
14^5 
15.5 
16.5 

18.8 
19.6 
19.4 
19.6 
18.4 

20^3 
21.1 
20.9 
21.1 
19.9 

8 o 6 

8^9 
8.8 
8.9 
8 .4 

404 
395 
386 
377 
368 

I^LTtial Pressure: 
12»5 
13.5 
14^5 
15.5 
16.5 

18.8 
19.6 
19.4 
19.6 
18.4 

20^3 
21.1 
20.9 
21.1 
19.9 

8 o 6 

8^9 
8.8 
8.9 
8 .4 

404 
395 
386 
377 
368 

CI2: 0 .5 a t s . 
GO2: 0 .5 a t s . 
N2 s 0 .0 a t s . 

18.0 19.8 21.3 9.0 355 Flows t o React. 
18.75 18.4 19.9 8 .4 350 OI2: 6l./min^ 
20.0 17.8 19.3 8.1 340 17.75 gtr/rain. 
21.0 18.2 19.7 9 .3 331 CO2: 6 "i./mxru 

22.25 18.0 19.5 8 .2 321 11.0 ©n./min. 
23.25 17.6 19.1 8.0 313 N2 : 0 .0 l . /min . 
24.5 17.5 19.0 8.0 303 Residues: 
25.5 
26.75 
28.0 
29.25 
30.25 

17.0 
18.0 
16.5 
17.1 
15.7 

18.5 
19.5 
18.0 
18.6 
17.2 

7 .8 
8.2 
7.6 
7 .8 
7 .3 

295 
285 
275 
265 
258 

Reactor: I32 ©n. 
58.7^ Ti02 

Cyclone: I4.5 gm. 
1 6 . ^ Ti02 

31.25 16.2 17.7 7 .5 22,£ 
32.75 16.3 17.8 7 .8 239 
3 ^ 5 15.1 16.6 7.0 226 
35.5 15.3 16.9 7 . 1 219 
37.0 15.0 16.5 7.0 208 
38.0 15.1 16.6 7.0 201 

39.5 14.4 15.9 6^7 191 
hO.75 14.6 16.1 6.8 183 



Table 12>9 Continued 

Txme 
Run 
Min, 

TiClL. Rate fjn./min. Ti02 
Reraov. Rate 

^ . /m in . 

Weight 
Ti02 i n 
Bed p?n. 

Txme 
Run 
Min, Measured Tota l 

Ti02 
Reraov. Rate 

^ . /m in . 

Weight 
Ti02 i n 
Bed p?n. 

14.3 15.8 6.7 174 
43.5 13.5 15.0 6.4 165 
45.5 13.2 14.7 6.2 152 

12.7 14.2 6.0 145 
12.2 13.7 5.8 134 

k9.15 12.2 13.7 5.8 127 
5U75 12.1 13.6 5.7 115 
53.0 11.2 12.7 5.4 108 
55*0 11.1 12.6 5.3 98 
56.75 10.9 12.4 5.2 88 
58.15 10.3 11.8 5.0 78 
60.5 10.0 11.5 4.9 69 
62.75 8.9 10.4 4 .4 59 
65.0 7 .4 8.9 3.8 50 
70.75 3.2 M 2.0 34 

C l i lo r ine Balances: 
Time 
Run 
Min. 

18 
34 
49 

Accounted 

92.5 
94i0 
95.5 

T a i l Gas Data Barometer 7^6 inni*Hg» 
Time 
Run 
l«Iin. 

Te!!^. 
oc 

Rate 
gny'min. 

Analaysis fo by Volume Time 
Run 
l«Iin. 

Te!!^. 
oc 

Rate 
gny'min. 012 T i C l 4 002 CO N2 

18 25.5 19.6 8.6 1.76 11.5 12.2 
34 27.0 20.4 12.8 1.89 70.0 15.5 

, 49 27.2 22.6 20.8 1.89 64.5 13.2 mm 



Table 12^10 
Run 6 

Tune 
Run Ti£}l4 Rate Ti02 

Remov. Rate 
gm»/min. 

Weight 
Ti02 in 
Bed 

Tune 
Run 

Measured Total 
Ti02 

Remov. Rate 
gm»/min. 

Weight 
Ti02 in 
Bed 

5 15^1 I6O7 7»1 if60 
ei 16^4 18.0 7.6 449 
7i 16.6 18»2 7.7 iM 
Qi 16.7 18.3 7.7 432 

10 16.1 17o7 7.5 423 
i i i 17»6 19.3 8.2 413 
12i 16̂ 9 18.6 7.9 405 
13i 18.1 19.7 8̂ 3 396 

18.6 20.2 8.5 386 
151 18.2 19^8 8.4 375 

18.6 20.2 8.5 369 
18 18.3 19̂ 9 8.4 356 
18| 17-9 19.5 8.2 350 
20|: 17.6 19.2 8.1 337 
21 17.8 19.4 8.2 331 
22i 18.6 20o2 8.5 321 
23i 17.0 18.6 7.9 313 
25i 16,2 17o8 7.5 295 
27 16.8 18.4 7.8 284 
28 15^3 16.9 7.1 277 
29̂ 5 15.5 17.1 7.2 265 
30J 15«6 17o2 7.3 256 
32 15»4 17.0 7.2 243 
33 15.6 17#2 7.3 241 
3iH»5 17.6 7.4 230 
351 14#6 16.2 6̂ 8 221 
37i 14o8 l6o4 6.9 210 
38i 1JW8 16^4 6.9 202 
ii-li 14.5 l6o4 6.9 183 
43| 13^7 15.3 6.5 167 
4̂ 4: 13̂ 9 15o5 6.6 164 
45 13.0 14»6 6.2 152 

Charge; 700 

Tempo: 9CX)̂  

Ba^igg Pl̂ essL^; 
CI2: 0«5 ats. 
CO2: P»3 atso 
N2 : 0 2̂ ats. 

FIc/ts to 
OI2S 6 1 o/inin* 
CO21 3.6 1./rain» 
N2 : 1»/min, 

Residues; 
Reactor: 117*5 gni» 

59.3foT±02 
C '̂clone: 14«5 gm® 

Ti02 

Accounted 

Chorine Balances: 
Run 
Time 
Min» 

16 98.0 
31 95o6 
50 92oO 



Table 12^10 Continued 

Time 
Ron 
Min* 

TiOHfc Rate f?n«/min. Ti02 
Removal Rate 

gn/min. 

Weight 
TiOp in 

Time 
Ron 
Min* Measured Total 

Ti02 
Removal Rate 

gn/min. 

Weight 
TiOp in 

49 12^6 14.2 6.0 134 

50^ 12.3 13.9 5.9 126 

52^ 11#5 13.1 5.5 114 

54 10.9 12.5 5.3 106 

56 10.6 12.2 5.2 95 

m i 12.7 5.4 85 

59| 10.5 12.1 5.1 75 

6l4 9.3 10.9 4.6 66 

63f 9.3 10.9 4.6 56 

651 8.6 10.2 4.3 47 

68i 1.1 9.3 3.9 36 

7li 5^8 7.4 3.1 26 

Tail Gas Data Barometer 

Time 
Run 
Min. 

Temp^ 
PC! 

Rate Analysis ^ by Volume 
gni./ittin. 

Cl2 Ti0l4 002 CO N2 

18.7 8.3 1.83 50.6 13.5 26.4 

19.7 12.0 1.83 i»6.2 25.1 

20.7 19.0 1.96 41.9 11.9 25.2 

16 

31 

50 

27.0 

21.2 

28,0 



Table i2>ii 
Run 7 

Time 
IRiin TiCli:. Rate gnu/mLn. Ti02 Wei^t 
XkLUl Eemov.Hate TiOp in 
lOiu Measured Total pjn/min. Bed gm. 
3o25 16.6 17.9 7.6 421 

16.3 17.6 7.4 414 
3.15 16.5 17.8 1.5 402 Oliaiy.e: 700 
(>.15 17.1 18.4 7.8 395 Terap.: 900^ 
8.0 18.4 19.7 8.3 384 

Terap.: 900^ 

9oO 17.9 19.2 8.1 377 Partial Pressure: 

10.75 18.7 20.0 8.4 366 Olg: 0.5 ats. 

11.25 17.3 18.6 7.9 358 GO2: 0.15 ats. 

12.5 18.0 19.3 8.2 348 N2 : 0.35 ats. 

13.5 17.5 18.8 7.9 343 Flows to Reactori 
11.9 19.2 8.1 332 OI2: 6 l./min. 

17.0 18.0 19.3 8.3 329 17.75 gn/min. 
18.0 16.7 18.0 7-6 322 CO2; 1.8 l./min 
19.25 17.2 18.5 7.8 312 3.3 gVinin. 
20.5 16.3 17.6 7.4 302 N2 : 4.2 l./min. 
21.75 16.7 18.0 7.6 293 gtn/min. 
22.75 15.9 17.2 7.3 286 Residues: 
2iî 25 15.9 17.2 7.3 275 Reactor: II5 gra. 
25.25 15.6 16.9 7.1 267 53.1^ Ti02 
26.75 14.4 15.7 

/ 

6.6 257 Cyclone: 11 gm. 
28.0 15.3 16.5^ 7.0 21S 14̂ 7̂ ^ Ti02 
29.5 1̂ 16.1 6.8 238 

14̂ 7̂ ^ Ti02 

30.5 14-.6 15.9 6.7 231 Chlorine Balances: 

32.25 15.0 16.3 6.9 219 Time ^ 
Run ^ 

33.5 16.6 17.9 7.6 211 Min. Accounted 

34.75 16.1 17.4 7.4 202 18.5 99.5 
36.0 14̂ 1 15.4 6.5 194 37.5 94.5 
37̂ 75 14.1 15.4 6.5 183 57.5 95.0 
39.25 12.1 13.4 5.7 174 
41.0 11.8 13.1 5.5 163 

12.2 13.5 5.7 154 
, 44.25 13.0 14.3 6.0 144 



Table 12»11 Con t i nued 

Time 
Run 
M in» 

TiClL. Rate gra/min. T i 02 
Remov. Rate 

gir/min. 

V/eight 
T i 0 2 i n 

Bed gm. 

Time 
Run 
M in» Measured T o t a l 

T i 02 
Remov. Rate 

gir/min. 

V/eight 
T i 0 2 i n 

Bed gm. 

11.7 13 .0 5o5 137 
12 .7 14 .0 5^9 126 

49 .0 10 .9 12 .2 5 . 2 118 

5140 10.9 12.2 5 . 2 108 

5 5 . 0 10.0 11.3 4 . 8 99 

5 7 . 0 9 . 5 10.8 79 

5 9 . 2 5 8 . 9 10.2 4>3 68 

61 . 25 8 . 7 10.0 4>2 60 

62^0 8 . 5 9 . 8 4 . 1 iS 
66 , 0 8 . 1 9 . 4 4 . 0 ko 

6 8 . 7 5 6 . 8 8 . 1 3 . 4 32 

7 2 . 5 3 . 5 4 . 8 2 . 0 20 

T a i l Gas Da ta Barometer 7^5 miii»Hg# 

Time 
Run 
Ivlin. 

Ten^. Ra te A n a l y s i s % b y Volume Time 
Run 
Ivlin. PC gnv/min. 

C l 2 T i C l 4 C02 CO N2 

18.5 18 18.2 12.5 1 . 5 2 29.7 1 2 . 9 kd.l 

37 . 5 23 19.2 16 .5 1 .52 26 .9 12 .1 4 3 . 1 

51.5 29 2 1 . 4 26 .2 1o57 22 .8 8 . 8 hP.l 
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The experimental results plotted in Figures 12.7 to 12.9 have been 

extrapolated to a ten gmns of titanium dioxide in the bed, and the titanium 

tetrachloride formation rate at this point has been plotted in Figure 12.10 

against the partial pressure at which the run m s carried out. 
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Fipiure 12.10 

This plot shows a very slight increase in the rate with increase in the 

partial pressure of carbon dioxide in the feed. The magnitude of the change, 

and the estimted experimental error of ^o lead to the conclusion that carbon 

dioxide exerts no effect on the rate of the reaction. There is certainly no 

retarding effect which may have been ecpected from the reaction mechanism 

postulated in Chapter 3, the full range of the partial pressure change allovojig 

for the dioxide fonned in the reaction being 0.04 to 0.54 ats. 



The Effect of Titanium Tetrachloride on the Reaction 

The effect of titaniijra tetrachloride on the rate of the rsaction was 

investigated by introducing titanium tetrachloride vapour into the feed to 

the reactor, and adjusting the nitrogen rate to keep the total flow constant* 

The partial pressure of chlorine was held at 0»5 ats» as in the runs to 

determine the effect of cait)on dioxide* 

The feed of titanium tetrachloilde to the reactor was carried out in the 

apparatus, shown schematically in Figure "by running titanium tetrachloride 

liquid into the stream of mixed nitrogen and chlorine at the inlet of a coil 

of diameter copper tube immersed in an oil bath heated to 200 to 220®C, 

The stream of gas carried the liquid down throu^ the coil in v^-ich it was 

vapourised, and the mixed gas and vapour were then fed through a lagged line 

into the reactor* It was found that if the oil bath was brou#it to temperature 

about half an hour before the commencement of the titanium tetrsxjhloidde feed 

while nitrogen or nitrogen and chlorine was passing through the coil, the line 

was sufficiently preheated to prevent any condensation of titanium tetrpjchloride, 

The rate of the titanium tetrachloride feed was measured by means of a 

laboratory test kit Flowrator in the liquid line to the vapouriser, and 

regulated by means of a sciw clip on a section of plasticised PVC tubing in 

the liquid line* As the adjustment of the screw clip for any rate was veiy 

sensitive and the rate tended to wander during the run, some scatter of results 

was obtained* 

In carrying out the i\ms bn the variation of the partial pressure of 

titanium tetrachl0r3.de it was found to be impractible to use partial pressures 

up to 0*5 ats* as planned, because the feed rate for this partial pressure was 

twice the possible production rate of titanium tetrachloride* This could 



have Insul ted i n la rge errors i n the measurement of th ig rate® Accordingly 

the maximum p a r t i a l pressure used was 0^227 a t s ; one run was c a r r i e d out a t 

0,076 a t s . and two a t each of 0,1i|j6 a t s , and 0,227 a t s . 

In runs 8, 9 and 10, the r e s u l t s f o r which are given i n Tables and Figures 

12o22, 12^12, and 12,13 the addit ion of titanium te t rach lor ide to the feed of 

the r eac to r was not commenced u n t i l the titanium dioxide content of the chaise 

had been reduced to 150 - 200 gms, by chlorinat ion using an equ ipar t i a l pressure 

mixture of chlorine and nitarogen a t a t o t a l flow r a t e of twelve l i t r e s per 

minute, Y ĥen the t i tanium te t rachlor ide feed was commenced the ni t rogen flow-

ra te T/as reduced to maintain the t o t a l flom constant. 

The r e s u l t s of these runs showed tha t the addition of titsiniLim t e t r ach lo r ide 

to the feed to the reactor increased the r a t e of the reaction, an increase being 

apparent a t the point a t "ivhich the titanium tetrsjchloride was introduced to the 

reactor. These results were not however completely s a t i s f a c t o r y , as a low 

chlorine balance was obtained f o r run 9 during the addit ion of titanium 

tetr8.chloride and the results of both runs 9 and 10 show groups of values belov/ 

the curves, due i n run 9 to a blocked separator , and i n run 10 to bad contro l 

of the t i tanium te t rachlor ide r a t e . I t was decided there fore to carry out 
to 

addit ional runs ./check the r e s u l t s obtained and to commence the addit ion of 

titanium te t rach lor ide a t the s t a r t of the run to spread the results over a 

wider range of bed w e i ^ t s . 

Before i t was possible to commence these runs i t was necessary to grind 

addi t ional r u t i l e , and run 11 was canned out without titaniuim te t rach lo r ide 

addi t ion to obtain a base value f o r the new ma te r i a l . The results of t h i s run 

i s given i n Table and Figure 12,14 and show l i t t l e va r i a t ion from those of run 3 

repeat which was ca r r i ed out under s imilar condit ions, the increase i n ra te being 



due to the slightly smaller particle size of the rutile in the new batcho 

In runs 12 and 13 which were carried-out at titanium tetrachloride feed 
partial pressures of 0,22? and ats, respectively, titanium tetrachloride 
and nitrogen were passed through the reactor until a steady condensation râ te 
v/as obtained, and chlorination was then commenced* The results of these luns 
are given in Tables and Figures 12,15 and 12,16 and, although the resiats show 
some scatter due to difficulty in controlling the titanium tetrachloride feed 
rate accui«.tely the materials balances for chlorine and titamum dioxide are 

as 
within the limits of the e:q?erimental error and/the measured titanium 
tetrachloride feed rates are in good agreement with those calc\ilated from the 
total weight used, it is readily possible to draw lines of best fit throu^ the 
data, ' 

In each of these runs 8 to 13 the esqperimental values obtained for beds 
containing less than 80 gms, of titsinium dioxi.de are, as in previous runs, 
subject to error due to the poor teir̂ rature control chara.cteristics of shallow 
beds. 



Table 12^11 
Run 8 

Time 
Run i 
Min. 

TiCll!. Rate ^ro/min. Ti02 
Rerflov. Rate 

rjTi/niin. 

Weight 
Ti02 in 
Bed 

Time 
Run i 
Min. Ivleasured Total 

Ti02 
Rerflov. Rate 

rjTi/niin. 

Weight 
Ti02 in 
Bed 

5.0 13.4 14.4 6.1 419 
6.5 14.6 15.6 6.6 392 

7.5 16.1 17.1 7.2 385 
9.0 16.2 17.2 7.2 372 

10.0 15.2 16.2 6.8 367 
11.75 15.0 16.0 6.7 356 
12o5 17.7 18.7 7.9 349 
14.0 16.1 17.1 7.2 338 
15.0 16.0 17.0 7.1 327 
16.5 16.4 17.4 7.3 320 
18.0 15.8 16.8 7.1 313 
19.0 16.4 17.4 7.3 300 
20.0 15.0 16.0 6.7 293 
22.0 15.0 j 16.0 6.7 286 
25.0 14.9 15.9 7.4 279 
24.0 16.5 17.5 7.4 276 
25.5 14.̂ 7 15.7 6.6 266 
27.0 15.1 16.1 6.8 259 
28.0 16.2 17.2 7.3 249 
29o5 15.0 ; 16.0 6^7 2h3 

30.25 14.9 : 15.9 6.7 2li2 

33.5 1 12.9 13.9 5.9 220 
35.0 1 13.5 ; 14.5 6ot 213 
36.0 * i 19.3 20.3 * 8.7 206 • 
37.0 : 9.8 1 10.8 1 200 
38.0 ; 10.5 11.5 f̂.8 194 
39.0 : 12.2 13.2 : 5.6 187 
39.5 i 12^2 13.2 : 5.6 184 
iiO.25 i 13.6 l̂ v.6 6.1 180 
41.0 1 13.6 14»6 6.1 175 

13.1 14̂ 1 5.9 169 

1 13.3 14.3 6.0 166 

Chaz^e: 700 gcio 

Terror; 900^0 

Pairtial 
CI2 0.5 ats. 

IJr 0.354 ats. 
"Flô f/B to Rea.ot tt 
CI2 6 1 ./min. 
TlGlî  1.74 1 ,,41111. 

13.B2 gnv/iJiin. 
N2 4*2551 l./min. 

Residues; 
Reejator 

Cyclone 

129 m* 
Ti02 

100 gnio 
11.0^ Ti02 



Table 12,11 Contimed 

Tiine 
Run 
Min» 

TiClj. Rate fgn./min. Ti02 
Reiaav,Hate 

^•/min^ 

Y/eight 
Ti02 i n 
Bed ^ o 

Tiine 
Run 
Min» Measiired Total 

Ti02 
Reiaav,Hate 

^•/min^ 

Y/eight 
Ti02 i n 
Bed ^ o 

13.4 14.4 6,1 160 
12,2 13.2 5.6 154 

45 13o1 5.9 151 
13»0 14^0 5.9 1/̂ 8 
11#9 12,9 5.4 

47 12,6 13.6 5.7 140 
13»8 14^8 6,2 134 

48j 14»4 15.4 6.5 1:50 
4 ^ 
50 
51 
51J 

15»0 
12.2 
13.8 
11 .5 

16,0 
13.2 
14.8 
12,5 

6.7 
5.5 
6,2 
5.3 

125 
122 
117 
113 

Chlorine Balances 
Tme ^ 
^ ^ Aiio-onted 

5 2 i 11 .7 12,7 5.3 109 16 97.0 

53i 13.0 liH^O 5.9 104 41 87.2 
54 13.3 14.3 6,0 100 56 97.0 
55 12,0 13^0 5.5 95 
55f 10,6 11,6 91 
56i m 4 5.2 88 

57i 12,3 13.3 5.6 82 

58 10,3 i 1 1 .3 4.8 79 
59 10,7 i 11 .7 4»9 74 
60 10,0 11,0 4.6 69 
61 10,3 11 ,8 5.0 64 
61-1 10,6 11,6 4.8 62 
624 10,9 11.9 5.0 57 
63i 10,2 1 1 ,2 4.7 54 
64i m 2 12,2 5.1 49 
65 10,0 11,0 4^6 45 
66 12,2 13<.2 5.6 41 
66i 8o8 9.8 4.1 39 
671 9.4 10,4 4.4 33 



Table 12,11 Continued 

Time 
R\m 
Min, 

rr 
, TiOl^i. Rate ^ • / r a i n o TiOg 

Remov.Eate 
f^ru/min® 

V/eight 
Ti02 i n 

Bed m^ 

Time 
R\m 
Min, Measured To ta l 

TiOg 
Remov.Eate 

f^ru/min® 

V/eight 
Ti02 i n 

Bed m^ 
6 8 i 8 . 5 9.5 4 . 0 31 

7.3 8.3 3 .5 27 
70i 1.0 8 ,0 3.h. 23 

T a i l Gas Data Barometer 7^3 mnioHg. 

Time 
Run 
Min* 

Temp. 
oc 

Rate 1 
gm/min. 

Analysis fo "by Volvinie Time 
Run 
Min* 

Temp. 
oc 

Rate 1 
gm/min. Cl2 TiOl/^ 002 CO N2 

16 
41 
56 

21 oO 
22,0 
23.0 

16,3 
15#1 
17o2 

11,8 
17«0 
26,0 

1»29 
1.37 

14-2 
14.7 
11.8 

12,1 
12,9 
8,6 

60,5 
54.0 
52 .3 

• TiCJli^ f e e d t o the r e a c t o r was commenced a f t e r 35 minutes run . 
The succeeding values of TiCl^ r a t e a r e measiired va lues minus 
the TiCl. f eed r a t e ( l3o8 gni,/min,) 



Table 12,12 
Run 9 

Time 
Run 
lvlin« 

TiCliu Rate pjn./min. Ti02 
Remov.Rate 
ĝiy'min. 

Wei^it 
Ti02 in 
Bed m* 

Time 
Run 
lvlin« Measured Total 

Ti02 
Remov.Rate 
ĝiy'min. 

Wei^it 
Ti02 in 
Bed m* 

3 14.3 15.6 6.6 479 
3J 28,2 29.5 

19o8 21.1 8.9 451 
5i 19*5 20.8 8.8 W 
7 20»0 21.3 9.0 431 Charge: 700 
7i 17»9 19.2 8̂ 1 425 Tempo: 900^ 
9 16«8 18.1 7.6 415 
lOi 15.6 16.9 7.1 2,06 BELTtial Pressure: lOi 15.6 16.9 7.1 2,06 
1li I6o0 17^3 7.3 396 CI2 0.5 ats. 
i2i 15̂ 1 16.4 6.9 387 TiCl/̂  0.076 ats. 
15i. 16.5 17.8 7.5 367 N2 0,424 atso 
16| 15.7 17.0 7.1 358 Flows to Reaotor: 
18 16.1 17.4 7.3 349 CI2 6.0 1,/inin, 

l6o3 17.6 7.4 339 TdDl^ 0.8721 lo/min. 
20i 1 15.9 17.2 7.2 332 6.9 gm./mino 
21| 15.4 16.7 7.0 323 N2 5.13 1./mino 
23 16.4 17.7 7.5 314 Residues: 

25.5 
27 
28 
29| 

15.4 
15.7 
1601 
14̂ 8 
1602 

16.7 
17.0 
17.4 
16.1 
17.5 
15^5 

7.0 
7.2 
1.3 
6.8 
7.4 
6.5 

303 
294 
285 
278 
266 
258 

Reactor 112 gm. 
48.25̂  Ti02 

Cyclone 7.5 gin. 
8.0;̂  Ti02 

Chlorine Balances: 
31 14.2 

16.7 
17.0 
17.4 
16.1 
17.5 
15^5 

7.0 
7.2 
1.3 
6.8 
7.4 
6.5 

303 
294 
285 
278 
266 
258 Time 

Min, Accounted 32i 
3>i 

15.2 
15.5 

16.5 
16.8 

6.9 249 
240 

Time 
Min, Accounted 

3 ^ 16.1 17.4 7.3 232 13 93.5 
36 13̂ 9 15.2 6.4 224 41 95.5 
374 15*1 16.4 6.9 214 63 87.9 
39 13.1 14.4 6.1 204 

14.3 15.6 6.6 199 
41| 13.1 14.4 6.1 186 
43i 12.4 13.7 5.5 174 
45 13.5 14.8 6.2 165 



Table 12.12 Continued 

Time 
Run 
Min. 

TiClL Rate £in./min. Ti02 
Remov.Rate 
Km»/min« 

V/eight 
Ti02 in 
Bed 

Time 
Run 
Min. Measured Total 

Ti02 
Remov.Rate 
Km»/min« 

V/eight 
Ti02 in 
Bed 

47 9.2 10.5 4.4 152 
49 10.5 4.4 140 
50.5* 10.9 4.6 130» 
5li 9^8 10.9 4.6 124 
53 9^8 10.9 4.6 115 
54 9.5 10.6 4.5 109 
55i 17*0 18.1 7.6 101 

14.6 15.7 6.6 98 
57i 12.3 13^4 3.1 89 
58i 12.8 13.9 5.9 82 
59i 12.2 13.3 5.0 78 
60i 11.7 12.8 5.4 73 
6li 11.0 12.1 5.1 68 
63 10.0 11.1 4.7 60 
64 10.2 11.3 4.8 55 
65i 10.4 11.5 4.8 49 
66i 8.9 10.0 4.2 45 
68 8.0 9.0 3.8 37 
69 8.1 9.2 3.9 33 
70i 8.4 8.5 4.0 28 
71| 6.4 7.5 3.2 24 
74 4o6 5.7 2.4 17 
75i 3.1 4.2 1.8 15 

Tail Gas Data Barometer 760 mm.Iig. 
Time 
Run 
Min<, 

Temp. Rate Analysis Volijme Time 
Run 
Min<, oc gjr/min. Glo TiCll^ CO2 CO N2 
13 23.5 16.4 11.0 1.51 13.7 12.8 61.4 
41 23.0 18.3 15.7 1.45 12;4 12.9 57.6 
63 22.5 17.6 22.0 1.38 11.5 11.3 53.8 

* TiClij. feed started succeeding values are measured rate minus TiCl4 feed 
rate (6o9 Blockage in inlet to liquid trap. Bypass opened 
to bypass bubbler. 



Table 12»i3 
Run 10 

Tine 
Run 
Min. 

TiClL. Rate ̂ ./min. Ti02 
Remov. Rate 

V/eight 
Ti02 in 
Bed fim. 

Tine 
Run 
Min. Measiired Total 

Ti02 
Remov. Rate 

V/eight 
Ti02 in 
Bed fim. 

ipi 18,0 18.9 8.0 
18.8 18.9 8.4 457 
18.4 19.3 8.1 

li 17*1 18.0 7.6 438 
9 17#8 18.7 7.9 431 
10 17^4 18.3 1.1 ij21 
1li 17̂ 6 18.5 l.Q 413 
12^ 16.2 17*1 7.2 403 
14 16.6 17*5 7.4 396 
15 16.5 17.4 7.3 383 
16 16.9 17»8 7*3 380 
17 16.9 17.8 1.5 373 
18i 15.8 16.7 7.0 365 
19S 16.5 17.4 7.3 355 
21 16.1 17.0 ?.2 346 
22 15.7 16.6 7.0 336 

15.6 16.5 6.9 330 
24- 16.7 17̂ 6 7.4 312 
27 15.2 16.1 6.8 301 
28^ 16.0 16.9 7.1 294 
29^ 15.5 16.4 6.9 284 
31 15.4 16.3 6.9 277 
32 15.4 S.5 266 
33S 16.6 17.5 7.4 259 
34f 14o5 15o4 6.5 247 
35i 15^8 16.7 7.0 241 
37i 14»5 15-4 6.5 229 
39 15*0 15»9 6^7 222 
40i 13.8 1 W 6.2 213 
h2 13*6 6.1 203 
43 15.1 6.4 193 
45 13«7 1A-o6 6.1 187 

13.1 5.9 175 

Change: 
TenTp, 

700 gm, 
900̂ 0 

Partial Pressure 
CI2 0.3 atso 
TiCl4 0.229 atso 
N2 0o271 atSo 

F1O\TS to Rea.ctor 
GI2 6.0 l./min. 
TiCl2̂  2^6 l./iTdn. 

21.7 gm./miru 
3 •4 1 •/min. 



Table 12»i3 Contirmed 

Time TiCJl;, Rate gm./min. Ti02 
Remov. Rate 

Weight 
Ti02 in 
Bed 

Kun 
Min. Measured Total 

Ti02 
Remov. Rate 

Weight 
Ti02 in 
Bed 

if8 13.4 6.0 169 
17.9* 16.8 7.9 

50 16.7 17.6 7.4 152 
51 17.9 18.8 7.9 142 
52 17.1 18.0 7.6 134 
53 17.6 18.5 7.8 126 

16.9 17.8 7.5 119 
55i 17.1 18.0 7.6 107 
56i 16.8 17.7 7.5 100 
57i 16.8 17.7 7.5 92 
59 13.1 5.9 85 
60 10.6 11.5 3.8 74 
61 25.0 25.9 10.9 66 
62 16.2 17.1 7.2 52 
63^ 14.5 15o4 6.5 42 
62^ 12.1 13.0 5.5 35 
66 10.1 11.0 4.6 28 

67i 8.3 9.2 3.9 21 
68| 8.5 9.4 4.0 16 

69i off 13 

Tail Gas Data 

Chlorine Balances 
Time 
Run 
Min, 

52 
63 

fo 
Accounted 

98.0 

Barometer 773 nnoHg, 
Time 
Run 
MiiU 

Temp. 
OC 

Rate 
gm./min^ Cl^ 

Analysis fo by Volume 
TiClii. CO 

32 
63 

22,0 
22,0 

13.9 
16,0 27.6 

1«36 
n36 

17o8 
11.7 

15o9 
10.8 

50.0 

* TiDlij. Peed started succeeding valiies are measured rate minus Feed Rate 
(21.7 gm./min.) 



Table 12>i4 
Rim i | 

Time 
Run 
Min. 

(' 7 
TdUlL. Rate Ti02 

Remov. Rate 
V/ej.2;ht 

Ti02 in 
Bed 

Time 
Run 
Min. Measured Total 

Ti02 
Remov. Rate 

V/ej.2;ht 
Ti02 in 
Bed 

7-i 14.3 15.4 6.5 393 
9 18.0 19.1 8.0 383 

10 16.5 17»6 7.4 375 
1 l i 16.2 17o3 7.3 366 
12i 16̂ 9 18.0 7.6 358 

17.9 19o0 8.0 349 
17»0 18g1 7.6 341 

16 16.8 17«9 7.5 330 
17 18.4 19o5 8.2 322 
18 17.7 18.8 7.9 315 
19 16.8 17.9 7.5 308 
20^ 16.3 17»4 7.3 299 
2 l i 16.1 17^2 7.2 290 
23 16.1 17..2 7.2 279 
24 16.1 17o2 7.2 272 
25 16.5 17o6 7.4 264 
26 16.2 17.3 7.3 257 
28i 15o6 16.7 7.0 22jO 
30 15o7 16.8 7.1 230 
31 15^1 16.2 6.8 223 
32i 14.7 15»8 6.6 213 
33i 16.0 17.1 7.2 204 
35i 14.1 15*2 6.4 194 
36| 13.9 15o0 6.3 184 
38 14̂ .6 15.7 6.6 176 
39i 13.5 14o6 6.1 169 
41 iiw7 15o8 6.6 158 
kZi 14#1 15<.2 6.4 150 
lA 12.2 13P3 5.6 139 
454 12^5 13.6 5.7 130 
47i 14^3 6.5 119 
49 11^3 12.4 5.2 111 
51 10,6 11.7 4.9 100 

Charge; 700 gm» 

Temp»; 900̂ 0 
Partial Pressures 
CI2 0.3 ats, 
TiCJl̂  0.0 ats. 
N2 0.5 ats. 

Flov/s to Reactor 
CI2 6 1 ®/min» 
TiCl2^ 0,0 1 ./mirio 
N2 6.0 l./min. 

Residues 
Reactor 102 ©n. 

IS.TA Ti02 
Cyclone 9 gnio 

10.2^ Ti02 

Chlorine Balsjices 
Time 
Run 
Ivlin. 
15 
45 
65 

Accounted 

101^0 
94.5 
96,8 



Table 12,14 Continued 

Time 
Run 

1 
TiCl2t Rate m./min» Tm02 

Remov, Rate 
¥/elght 

Ti02 in 
Time 
Run 

Tm02 
Remov, Rate 

¥/elght 
Ti02 in 

Min, Measured Total Bed 
53 10,4 11^5 UQ 91 
55 10,0 11 .̂1 W 81 

10.6 11o7 73 
59 10,1 11,2 4.7 62 
60f 10,4 i n 5 4.8 55 
62i 15.6 6,6 liS 
64 lOol 4.2 41 
67 7oO 8,1 3^4 30 
69i 6,1 7^2 3.2 23 
75 3^4 1o9 

Tail Gas Data Barometer 755 inm«Hg» 
Time 
Run 
Min, 

Teiijpo 
PC 

Rate 
gti/min. 

Analysi 0 fo by Volume Time 
Run 
Min, 

Teiijpo 
PC 

Rate 
gti/min. 012 TiCll.. 002 CO N? 

15 
45 
65 

19»5 
20,0 
20,0 

16,5 
19.5 
21,0 

13.4 
20,7 
28,4 

1,20 
1o24 
1.24 

13.7 
10,7 
7.2 

12,2 
11,3 
8.9 

59.5 
56.3 
54.1 



T a b l e 1 2 > i 5 

T a b l e 1 2 

T i m e 
R u n 
M i n « 

T i C l L R a t e ^ j n . / m i n . T i 0 2 
R e m o v . R a t e | 

f ^ . / m i n . i 

W e i g h t 
T i 0 2 i n 

B e d pTn. 

T i m e 
R u n 
M i n « M e a s u r e d ! T o t a l 

T i 0 2 
R e m o v . R a t e | 

f ^ . / m i n . i 

W e i g h t 
T i 0 2 i n 

B e d pTn. 

1 2 . 5 
] 

1 2 . 7 

- 3 1 6 . 3 i 
- 2 1 6 . 0 1 

f 
0 1 7 . 8 1 8 . 6 7 . 8 1 4 5 4 

1 
2 . 2 0 . 6 2 1 . 4 9 . 0 1 i i49 

1 25.1 2 6 . 5 1 1 * 3 4 4 5 

3 2 0 . 3 2 1 . 1 8 . 8 4 2 7 

2 1 . 6 2 2 . 4 j 9 . 4 4 1 9 

5 1 6 . 5 1 7 . 3 1 7 ^ 3 1 409 

6 2 5 ^ 1 2 5 . 9 1 1 0 . 9 1 AC1 

7 2 0 . 0 2 0 . 8 1 1 8 , 8 1 3 9 2 

8 1 9 . 7 2 0 . 5 8 . 6 1 3 8 3 

1 8 . 6 1 9 . 4 8 . 2 j 3 7 3 

1 0 1 7 ^ 7 1 8 . 5 7 . 8 1 3 6 4 

1 1 i 1 7 - 1 1 7 . 9 . 7 . 4 1 3 5 8 

1 2 i 2 6 . 9 2 7 » 7 i 1 1 . 8 1 3 4 5 

1 3 1 9 . 2 1 i 2 0 . 0 8 . 4 3 4 1 

1 8 . 1 j 1 8 . 9 8 . 0 1 1 3 2 8 

1 6 1 8 . 4 1 1 9 . 2 ; i 8 . 1 1 I 3 1 6 

1 7 1 7 . 9 ! ; 7 . 9 i 3 0 8 

1 8 1 6 . 9 1 7 - 7 7 . 5 1 3 0 0 

1 9 1 4 ^ 3 1 5 . 1 6 . 4 2 9 2 

2 0 J 1 6 . 5 1 7 ^ 3 7 . 3 i 2 8 1 

2 1 ^ 1 8 . 7 1 9 » 5 8 . 2 ; i 2 7 3 

22^: 1 7 . 9 1 8 . 7 7 . 9 2 6 5 

2 3 i 1 8 . 3 1 9 . 1 80O 2 5 7 

2 4 i 1 9 . 5 2 0 . 3 8o5 1 2 4 5 

2 5 i 1 8 . 0 1 8 , 8 7 . 9 1 2 3 7 

2 7 1 8 . 2 1 9 . 0 8 . 0 2 2 7 

2 8 1 5 « 0 1 5 ^ 8 
1 ^^^ 

2 1 9 

2 9 1 9 ^ 7 2 0 . 5 j 2 1 2 

3 0 1 5 ^ 7 1 6 . 5 I 7 . 0 2 0 4 

C h a i s e ; 7 0 0 gm, 

Temp» ; 

R i r t i a l P r e s s u r e 

C I 2 0 * 5 a t s « 

TiJCJl^ 0 . 2 2 7 a t s . 

N2 0 . 2 7 3 a t s . 

F10V/-S t o R e a c t o r | 

C I 2 6 . 0 1 . / m i n l 
I 

T i G l 2 ^ 2 . 6 2 1 . / i r d n i 
/ ^ 

2 1 . 7 gm./rain^ 

3 o 4 1 • / m i n . I 
f 
t 
i 

N 2 

R e s i d u e s 

Reajotor 8 7 gm. 

55.0^ T i 0 2 

C y c l o n e 1 7 gtn. 

T i 0 2 

W e i g h t o f T i C l ; , 

F e e d t o R e a d t o r ; 

1 4 7 5 gm. 

C a l c u l a t e d T i C l ; , 

F e e d R a t e 

2 1 . 4 g m . / i n i n . 



TeJale 12»13 Continued 

Time 
Run T ^ l i , Rate fjno/min. Ti02 

Remov.Rate 
f/eight 

Ti02 i n 
Time 
Run m -t^-m. 

Ti02 
Remov.Rate 

f/eight 
Ti02 i n 

Mn« Measured Total gm./mino , Bed 

3 l i 18^6 1 9 . 4 8 . 2 194 

32i 1 6 . 5 1 7 . 3 7»3 185 

3 3 i 1 5 . 3 16 .1 6 . 8 177 

35 1 5 . 4 16 .2 6 . 8 166 

36 15o6 1 6 . 4 6 . 9 159 

37 16«2 17^0 7o2 151 

38^ 15o1 15.9 6 . 7 V,2 

3 9 i 1 9 . 0 19«8 8 . 3 135 

¥ ) i 17^9 18 . 7 7 . 9 128 

hAi 13o4 1 6 . 0 6 . 7 120 

43 17 . 5 1 8 . 3 7o7 109 

hlir 15^2 1 5 . 8 6 . 4 103 

4 5 i 15«5 16 . 3 6 . 9 95 

47 f 1 3 . 3 14 , 1 5 . 9 79 

49 12»0 1 2 . 8 5 . 4 71 

50 1/^.5 15 . 3 6 . 4 66 

5 l i 1 0 . 7 1U5 h^S 59 

52 f 1 5 . 0 1 5 . 8 6 . 6 50 

5 4 13 .6 1 4 . 4 6 . 1 44-

5-5-i 7 . 3 8 . 1 3 . 4 38 

5 6 i 1 0 . 5 1 1 . 3 4 . 8 33 

58 8 . 5 9 . 3 3 . 9 26 

594- 8 . 1 8 . 8 3 . 7 20 

61 6 . 5 7a3 3 . 1 15 

6 2 i 6 . 7 7 . 5 3 . 2 11 

6 4 iH»1 ^ 9 2 . 1 7 

Chlor ine Balanoes 

Time 
Run 
Mino 

13 

35 

55 

fo 

Acoo\mted 

93^0 

Tai l Gas Data Barometer 7 6 4 

Time 
Run 
Mino 

Temp. Rate Analygj Ls fo by Volume 
Time 
Run 
Mino 

oc gm./m3.n. 
C12 TiCl4 CO? CO 1 N2 

13 1 8 . 0 1 2 . 9 1 0 . 3 1 . 0 8 22 . 2 1 8 . 2 , 49 .2 

35 1 8 . 5 1 5 . 0 13 . 3 I0IO 2 0 . 6 1 8 . 0 47 .2 

55 1 9 . 0 17 .1 27 .1 1 . 1 3 1 0 . 2 1 1 . 1 5 0 . 6 

N.B, T i 0 l 4 r a t e s reoorcled a re 

(21 gm»/min*) 

aotuaJL measured r a t e s minus TiClz,. f eed r a t e 



Table 12^16 
Run 13 

183o 

Time TiClL. Rate pjn./min. Ti02 . 
RoiKJV.Rate 

Weight 
Ti02 in 
Bed 

XVUJX 
Min. Measured Total 

Ti02 . 
RoiKJV.Rate 

Weight 
Ti02 in 
Bed 

124 18.7 19.6 8.2 
13i 18.6 19^5 8.2 398 
15 13.9 16.8 7.9 386 

17#6 17»5 7.4 376 
17i 18.9 19̂ 8 8.3 364 
19 16.5 17^4 1.3 354 
20^ 19#2 20.1 8.5 346 
21-i 17^9 18.8 7*9 338 
22| 17.0 17.9 7̂ 5 326 
2lii 17#9 18.8 7»2 314 
25i 17.1 18.0 1.6 304 
27 19.8 20.7 8.7 293 
28 18.2 19»1 8.0 285 

18.1 19.0 8.0 271 
30i 18.2 19.1 8.0 263 
32 18.7 19»6 8.2 253 
33i 19 2̂ 20.1 8.5 243 
3li 16.2 17.1 7̂ 2 234 
36 19.8 20.7 8.7 222 

37 16.2 17 1̂ 1.2 214 
38-i 16.2 17.1 1.2 203 
40 16.3 17^2 1.2 191 
4 l i 18.2 19*1 8.0 182 

15.2 16.1 6.8 170 
44 16.1 17̂ 0 1.2 161 
45 15.2 16.1 6.8 154 
45f 19»0 19̂ 9 8.4 

15*8 16.7 1.0 143 
47 15-1 16.0 6.7 139 
h8 13«5 14<»4 6.1 132 
liSi 16.1 17.0 1.2 128 
49-i 16.0 16.9 7»1 121 

Chaise; 

Temp,; 

700 gm, 

900^ 

Partial Pressure 
GI2 0.5 at 3, 
TiCl4 ats, 
N2 0.354 ats. 

Flows to Reactor 
CI2 6.0 1 ./min« 
TiGl4 1.75 1 ./min. 

13.82 gm./min 
N2 4.25 l./min, 

Residues 
Reactor 94*5 gra. 

Ti02 
Cyclone 7 ©iw 

37.1:^ Ti02 

YfeiRht of TiOll^ 
Feed to Reactor 

1030 gnw 

Calculated TiDlĵ  
Feed Rate 

13*6 gm./min. 



Table 12.16 Continued 

Time 
Run 
Min* 

TiClli. Rate TiOg 
Remov.Rate 
gm./min© 

V/eight 
Ti02 in 
Bed 

Time 
Run 
Min* Measxired Total 

TiOg 
Remov.Rate 
gm./min© 

V/eight 
Ti02 in 
Bed 

50 15̂ 1 16.0 6.7 118 
51 14.1 15.0 6.3 111i 
5li 15.4 6.5 107 
53 15.1 6.4 97 
54 13.5 lif.4 6.1 91 
54^ 14.4 15.3 6.4 88 
55i 11.8 12.7 5.4 83 
56 11.6 12.5 5.3 78 
571 13.0 13.9 •̂9 68 
58i 15.0 15.9 6,7 63 
50i 12.7 13.6 5.7 59 
60 13.3 14.2 6,0 55 
60| 11.4 12.3 5.2 51 
61| 11.9 12.8 5.4 4S . 
62i 12.2 13.1 5.5 43 
63i 8.7 9.6 4.0 38 
64 12.4 13.3 5.5 36 
65 9.1 10.0 4.2 33 
66 7.2 8.1 3.4 27 
67 7.0 1*9 3.3 23 
68 6.3 7.2 3.0 20 
70 7.0 7.9 3.3 13 

Chlorine Balances 
Tme 
Run 
Itln* 
M8 
38 
53 

Accounted 

96,0 
98.4 
104.5 

Tail Gas Data Barometer 7^2 inrajig. 
Time 

Run 
18 
38 
55 

Taup. Rate 
gra./min. 

Analysis fo 
' ( 
3y Volume Taup. Rate 

gra./min. CI? TiJ3l4 CO2 CO N2 
19.5 13.7 11.7 1.18 18.2 15.6 53.8 
19.0 15.8 14.9 1.12 16.1 15.3 52.7 
19.0 17.4 27.0 1.12 11.6 11.8 48.5 

N.B. TjlClij: rates recorded are actulal measured rates mmnus TiCl;̂  
feed rate. (I3.8gm»/min.) 
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The r a t e s of formation of titajnium t e t r ach lo r ide f o r runs 3H and 8 to 

extrapolated to a reactor bed content of 10 gm» of titanium diaxide , are ^iven 

i n the following t ab l e , together with i n l e t p a r t i a l pressures of t i tanium 

te t rach lor ide used« 

Table 12^17 
Ti£Jl2j_ Formation Eate a t 10 gms, Ti02 
f o r i n l e t TiCli^ I ^ i a l B?essures 

Run No» I^ iCl^ 
ats« 

TiCl4 
Formation Rate 

^ o / m i n . 
3R 0,00 
8 8.2 
9 0.076 5.7 

10 0.227 13o0 
11 0.00 5»3 
12 0.227 11.0 
13 

These resu^-ts are p lo t ted i n Figure 12.17 sj^d althotagh the accuiracy i s 

not as good as i n other runs a, s i gn i f i can t increase 8.t the ra te of formation 

of t i tanium te t rach lor ide with increase of p a r t i a l pressure of t i tanium 

te t rach lo r ide in the reactor j is_show^ i !• - ' 

^fiTJCf^ ^Afs^ 
Figure 12»17 



This means that the chlorination of rutile in the presence of carbon is 

autocatalysed "by titanium tetrachloride* This product must then enter into 

the reaction forming intermediate compounds or complexes. 

A characteristic of such autocatalysed reactions i s shown in the results 

of runs 3H, 6, 7, 8 and 11 (Prigures 12.4, 12.8, 12.9, 12.11 and 12.13) in wiiich 

the rate of formation of titanium tetrachloride at the start of the run shows 

a gradual increase before the full rate is obtained. In such a process the 

rate at the start is limited by the concentration of the product and cannot 

reach a maximum imtil the sufficient titanium tetracliloride has been formed 

to maintain the full reaction rate. In the results of runs 12 and 13, 

(Figures 12.15 and 12.16) in which titanium tetrachloride was fed to the 

reactor before the start of the chlorination, such a gradual increase in the 

reaction rate does not occur, the limitation due to the concentration of the 

product being absent. 

This gradual increase in the rate of reaction at the start of the run 

could be caused by the gas mixing chaxacteristics of the fluid bed. For 

such a bed there are tv/o extreme cases of flow through the bed, that of piston 

flow as for a fixed bed, and the characteristic of gas bypassing through the 

bed and back mixing from the top of the bed which would cause complete mixing 

of the gas in the bed. For piston flow the gas passes through the bed as a 

front displacing the gas before i t . Under these conditions alteration of the 

cocqposition of the gas at the inlet of the bed will not change the exit gas 

composition vintil the gas front has passed through the bed, when the exit 

composition will change sharply to the inlet con^osition. In the gas of 

complete mixing the gas composition. throujgh the bed uniform, and for any change 

in the inlet composition the mixing in the bed'will hold the gas composition of 



the bed constant and the exit gas will change gradually imtil the new inlet 

composition is reached̂  Any large amount of bypassing and back mixing 
( 

occurring in the fluid beds used would then cause the gradual increase in 

reaction rate noted at the start of the runs, but this would seem to be 

precluded by the immediate increase in the condensation rate of titanium 

tetrachloride noted in runs 12 and 13 when the clilorination was commenced. 

It may therefore be condluded that little back mixing occurred in the beds used 

and that the gas flow through these beds approached piston flow« 

In runs 12 and 13 in which titanium tetrachloride was fed to the reactor 

to establish a steady condensation rate before the start of the chlorination, 

it was observed that seven to ten m^utes elapsed before titanium tetrachloride 

began to collect at a rate approaching the feed rate* Calculation shows that 

this is about three times the time required to saturate the system, and would 

suggest that titanium tetrachloride is absorbed on the charfee© 

Chlorination usinp: Carbon Monoxide instead of Carbon as the 
ReducinR A^ent in the Reaction 

As discussed at the start of the chapter it was decided that as previous 

experiments had shown that carbon monoxide instead of solid carbon appeared to 

be involved in the initial step of the reaction, the chlorination of rutile 

using carbon monoxide as the reducing agent should be investigated before 

studying the partial pressure effect of carbon monoxide in the presence of 

carbon. 

The equipment used to supply carbon monoxide formed by the conversion of 

carbon dioxide with carbon has been described in Chapter VI, and is shown 

schematically and in detail in Figures 6̂ 1 and 6«11 respectively. The method 

proved to be most satisfactoiy for the laboratoiy supply of large quantities of 



carbon monoxide, and wiiere high pur i t i e s are required the sna i l amounts of 

\anconverted carbon dioxide may ea s i l y be removed by scrubbing -with sodium 

hydroxide solution^ In the i n i t i a l t e s t s carried out on the apparatus carbon 

dioxide was passed throi.igh an eighteen inch deep f l u i d bed of crushed *Norit' 

act ivated caibon held at a temperature of 1250^. At a feed rate of fouirteen 

l i t r e s of caibon dioxide per minute a product containing only Ooiĵ  carbon 

dioxide was obtained. Tliis temperature however caused fa i lure of the s i l i c a i 

tube, and as no alumdum tubes could be oTbtained, the maximum temperature used 

in succeeding runs was 1050°C, wliich was considered to be the highest pemissable 

operating temperature for s i l i ca» At th i s temperature carbon monoxide 

containing from 0«4 to 10^ carbon dioxide was produced, the carbon dioxide 

content depending on the feed rate® As previous escperiments had shown that 

carbon dioxide exerts no effect on the reaction r a te , i t -ias considered 

unnecessary to remove th i s residual carbon dioxide« 

Two runs were carr ied out using carbon monoxide in the chlorination 

instead of carbon, and the reaction rates obtained were insuff ic ient to 

saturate the t a i l gas and allovy condensation of the product* In run foin^een, 

car r ied out at 870^ , chlorine at 6 1o/min. and carbon monoxide at 9 1o/min« 

were passed through a bed containing 500gins», of rut i l eo Bioring the f i r s t 

th i r t y minutes chlorination no condensation of titanium tetrachloride 

occ-orred, although the occuraxice of some reaction was shown by the formation 

of the charajcteristic white fumes formed by titanium tetrachloride when the 

t a i l gas was allo -̂sred to escape into the atmosphere • After tlie above period 

the gas rates were reduced to three and four l i t r e s per minute respect ively , 

but there was s t i l l no condensation of titanium tetrachloride. In these runs 

the carbon monoxide feed varied between 94.4 and 9 7 . ^ carbon monoxide. 



The condit ions of run f i f t e e n are given i n Table 12o18, the charge to the 

reactor being 468«5 g«i3. of rutile® 

Table 

Conditions used in Run 15 f o r Chlorination uaiiij^ CO 

Time 
Run 
Min. 

Rates to React, l . /min Reactor Temp. ^ CO 
Feed 

CÔ ^ 

Time 
Run 
Min. CO Cl2 No« 1 No. 2 

CO 
Feed 

CÔ ^ 
10 4 4 875 935 
20 4 4 920 990 93»2 

32 4 4 930 970 94.8 

35 6 4 
45 6 4 930 965 89^6 

52 4 6 

57 4 6 935 965 92,1 

69 o f f o f f 

A f ter ten minutes running i t was noted that a red deposit of f e r r i c ch lor ide 

had f o m e d on the entrance to the Imockout drum and as the run proceeded t h i s 

deposit spread further thi-ough the apparatus, Y/hite fumes formed by titanium 

tetracli loride Y/ere foimed v/hen the t a i l gas was allowed to escape into the 

atmoshpere, but at no time during tlie run was there any sign of condensation of 

titanium tetrachlor ide . Variation of the rat io of carbon monoxide to ch lor ide 

from a f i f t y percent stiochiometric excess to a f i f t y percent stiochiometric 

def ic iency did not materially e f f e c t the rate of the react ion . The reactor 

residue a f t e r the run w3-s 437•5 ©ns., v^ence the v/ei^it of r u t i l e removed 

during the run was 31 graso giving a removal rate of 0.45 gm./min. Pr̂ xn 

this a titanium tetrachloride formation rate of 1.1 gms«/min. js obtained. 

These experiments show that the chlorination using carbon monoxide as the 

reducing agent i s very slow compared with the chlorination in the presence of 

s o l i d cartoon; and i t i s apparent that s o l i d carbon i s mportant i n the 



r e a c t i o n mechanism which ^i^lds the high r a t e s of r eac t ion obta ined i n the l a t t e r 

system. 

These experiments a l so shovf t h a t the r eac t ion mechanism proposed i n 

Chapter 3 i s not poss ib le f o r the f l u i d bed chlor ina t ion« 

The E f f e c t of Var ia t ion of the P a r t i a l Pressure of Carbon 
m 

Monoasiide on the Reaction 

The e f f e c t of carbon monoxide on the reac t ion r a t e of the c h l o r i n a t i o n i n 

the presence of s o l i d carbon -ms inves t iga t ed by varying the pa i i i i a l pressure 

of t h i s gas i n the r e a c t o r . Carbon m0n02d.de v/as introduced i n the r e a c t o r 

f e e d , and i t s p a r t i a l pressure i n the r eac to r vaided as i n the experiments 

on carbon dioxide and titaniifm te t rach lor ide» 

Three runs were c a r r i e d out a t carbon monoxide p a r t i a l pressures of 0 .125, 

0,25 and 0 ,5 atmospheres, wliile the p a r t i a l pressure of chlor ine VK-as he ld a t 

0 ,5 a t s . In each run a 700 gm, cliarge wasused, mixed as previously descr ibed 

using mate idals wliich had been prepared f o r the runs on the v a r i a t i o n of the 

pa i i ; i a l pressure of t i t an ium t e t r a c h l o r i d e , and the r e a c t o r temperature v/̂ as 

held a t 9 0 0 ^ . The r e s u l t s of these e:cperdjnents a re given i n Tables 12,19, 

12,20 and 12,21, and p l o t t e d i n Figures 12,18, 12,19 and 12,20, 



Table 12>i9 
Ran 16 

Time TiOli^ Rate i^n./mn. Ti02 
Remov^ Rate 

^m./rain. 

V/eight 
Ti02 in 
Bed 

JXUIl 
l.Iin« Measured Total 

Ti02 
Remov^ Rate 

^m./rain. 

V/eight 
Ti02 in 
Bed 

7^0 18.4 19.5 8.2 398 
8.0 18»2 19.3 8,1 390 
9.5 17o6 18.7 7.9 380 

10,23 . 18.0 19.1 8.1 376 
11.5 17.9 19.0 8.0 366 
12.5 16.7 17.8 7.5 358 
13.75 17.6 18.7 7.8 3A8 Chaise: 700 gtns. 
1 W 5 16.4 17.5 7.4 540 Temp.: 900̂ 0 
16,25 15.6 6.6 330 

Temp.: 900̂ 0 

17.5 13.4 14.5 6,1 322 Partial Preŝ sures 

18.25 1^-4 15.5 6,5 311 CI2: 0,5 ats. 

20.5 13.8 1A-.9 6.3 303 CO : 0,5 ats. 

22.0 1î -.2 15.3 6,5 294 N2 : 0.0 ats. 

23.25 14^6 15.7 6.6 287 Fldws to Reactor 
2/H»75 15.5 16.6 7.0 275 CI2: 6.0 l./rain. 
26.0 15.6 16.7 7.0 266 CO : 6.0 l./min. 
27.5 12̂ -.8 15.9 6.7 256 N2 : 0.0 l./min. 
28.75 14.3 15.4 6.5 2JkS Residues: 
30.25 15.4 16.5 7.0 238 Reactor: 186 gms. 
31.25 16.3 17.4 7.3 231 7U5f^ Ti02 
32.5 15.7 16.8 7.1 222 Cyolone: 6 gra.s 

33.75 15.0 16,1 6.8 213 Av. CO Feed 90,75̂ b 
35.25 121-.7 15.8 5.5 202 

36.5 15.7 16.8 7.0 195 CO 

37.75 1 W 15.8 6,7 185 

39.25 13.7 6.2 171 
14.5 15.6 6,5 : 165 

uz.o 13.7 12i.8 6,2 157 

43.75 12.8 13.9 5.9 149 

45.25 12o2 13#3 5.6 137 

47.0 12.4 13.5 5.7 128 

hQ.5 10.7 11.8 5.0 119 



Table 12^19 Continued 

Time 
Run 
Min> 

50.75 
52^5 
55.0 
57.25 
60.0 
62.0 

TiClL. Rate m. /min . 
Measiired 

10.3 
9.0 
8 .4 
7.8 
7o1 
o f f 

Total 
11.4 
10.1 
9.5 
8.9 
8.2 

Ti02 
Reinov.Eate 

4.0 

3-5 

Weight 
Ti02 in 

Bed f ^ . 
103 
95 
90 
79 
72 

Ta i l Gas Data Barometer 762 mm.I^g. 
Time 
Run 
Ivlin. 

Temp. Rate Analysis % b"', ' Volume Time 
Run 
Ivlin. gm./min. Clp TiClL. 002 CO N2 
20 20.5 16.5 16.5 1.25 16.5 65.7 

20.5 19.9 28.5 1a25 lA^I 56.2 -

55 21.5 21.3 38.1 1.32 12.1 48.5 -



Table 12>20 
Run 17 

Time 
Run 
Ivlin, 

TiClL. Rate p?n./inin. Ti02 
Rate Renicjv. 

Km./min. 

Weight 
TiOa in 
Bed 

Time 
Run 
Ivlin, Measured Total 

Ti02 
Rate Renicjv. 

Km./min. 

Weight 
TiOa in 
Bed 

6,0 19.8 21.3 9.0 401 
7.25 18.5 20.0 8.4 392 

15.2 16.7 7.1 383 
9.15 15.5 16.6 7.0 374 

11.0 15.3 16.8 7.1 365 
12.2 
13.5 

15.3 
17.6 

16.8 
19.1 

7.1 
$.1 

356 
347 Chaise: 700 gm. 

12.2 
13.5 

15.3 
17.6 

16.8 
19.1 

7.1 
$.1 

356 
347 

1 W 5 14.8 16.3 6.9 338 Temp.i 900^ 
16.0 16.1 17.6 7.4 330 BsLTtial Press\:ire 
17.2 
18.75 
19.75 
21.5 
22.5 
24.0 
25.25 
27.0 

14.1 
17.2 
14^3 
14.2 
15.6 
14.2 
13.1 
12.8 

15.6 
18.7 
15.8 
15.7 
17.1 
15.7 
14.6 
14.3 

6.6 
7.9 
6.7 
6.6 
7.2 
6.6 
6.2 
6.0 

321 
311 
304 
294 
286 
276 
268 
257 

GI2: 0.5 ats. 
CO : 0.25ats. 
N2 : 0.25ats. 

Plot's to Reactor 

17.2 
18.75 
19.75 
21.5 
22.5 
24.0 
25.25 
27.0 

14.1 
17.2 
14^3 
14.2 
15.6 
14.2 
13.1 
12.8 

15.6 
18.7 
15.8 
15.7 
17.1 
15.7 
14.6 
14.3 

6.6 
7.9 
6.7 
6.6 
7.2 
6.6 
6.2 
6.0 

321 
311 
304 
294 
286 
276 
268 
257 

CI2: 6.0 l./min. 
CO : 3.0 l./ndru 
N2 : 3.0 l./min. 

30.2 12.2 13.7 5.8 237 Av. CO Feed 
31.75 12.5 14.0 5.9 228 99.0̂ ^ CO 
33.5 12.5 14.0 5.9 218 Residues 
34.0 11.7 13.2 5.6 215 Reactor: I30 gms. 
35.75 11.0 12.5 5.3 204 52.1^1 Ti02 
38.5 
¥).5 

12.0 
10.6 

13.5 
12.1 

5.7 
5.1 

194 
181 

Cyclone: 10.5 gms". 

ii2.0 10.5 12.0 5.1 173 
2i4.0 10.5 12.0 5.1 162 
45.0 10.3 11.8 5.0 157 
47.0 10.6 12.1 5.1 147 
49.5 10.4 11.9 5.0 135 
50.75 9.1 10.6 4.5 128 

53.75 9.7 11.2 5.3 119 
56.25 9.2 10.7 4.5 102 
58.0 9.3 10.8 4.6 95 



Table 12.20 Continued 

Time 
Run 
Min. 

TiClL. Rate ppi./rain. Ti02 
Remov. Rate 

gm^/min. 

Weight 
Ti02 in 
Bed gm. 

Time 
Run 
Min. Measiared Total 

Ti02 
Remov. Rate 

gm^/min. 

Weight 
Ti02 in 
Bed gm. 

60.5 8.0 9.5 4.0 84 
63.0 7.5 9.0 3.8 76 
66.0 6.0 7.5 3.2 62 
68.0 11.3 12.8 5.4 47 

8.5 10.0 4»2 38 
5.4 6.9 2.9 33 

79.0 3.9 S .4 2.3 22 
81.0 off • 

Tail Gas Data Barthmeter 7^5 inm Ĥg, 
Time 
Run 
Min. 

Temp. Rate 
gra./min. 

Analysis fo 1; 
1 _ .. — 
?y Volijime Time 

Run 
Min. 

Temp. Rate 
gra./min. 01? TiCli, CO? CO N2 

11 
34 
61 

25.0 
25.5 
25.0 

17.8 
19.7 
21.2 

13.4 
21.5 
29.3 

1.62 
1.67 
1.62 

14»9 
11.7 
8.7 

39^8 
37.7 
32.2 

30.4 
28.9 
28.8 



Table 12»21 
Run 18 

Tune 
Run 
Iv'Iin. 

TiClZj. Rate gm./rain. Ti02 
Removal Rate 

gm./rain. 

Y/ei^t 
Ti02 in 

Bed ^ ^ 

Tune 
Run 
Iv'Iin. Measured Total 

Ti02 
Removal Rate 

gm./rain. 

Y/ei^t 
Ti02 in 

Bed ^ ^ 
17.3 18.7 7.9 436 

if 75 16.1 17.5 7.4 2I26 
6.25 17.0 I8.4. 7.8 414 

,7^25 17.1 7.2 408 
8.5 17.9 19.3 8.1 398 
9»75 15.0 16.4 6.9 388 

11.0 16.3 17.7 7.4 313 
12.0 15.5 16.9 7.1 
13.5 15.9 17.3 7.3 360 
14^25 15.9 17.3 7.3 355 
15»75 15.1 16.5 7.0 344 
17.0 13.7 15.1 6.6 335 
18.75 15.6 17.0 7o2 322 
19.5 15.0 16.4 6.9 317 
21.25 15.5 16.9 7.2 305 ; h 
22.5 14^0 15.4 6o5 298 
23»0 14.1 15.5 6.5 293 
25.25 14.5 15.9 6.7 279 . 
26.75 16.0 17.4 7.3 267 
28.0 13.4 12^8 6.2 259 ' 
29.5 14.3 15.7 6.6 249 
30.75 12.7 14.2 6.0 241 
32.5 13.3 14.8 6.2 230 

33.75 13.1 14.6 6.2 223 

35.5 13.6 15.3 6.5 212 

37.0 1 1 .2 12»8 5.4 203 
39.0 12»8 14.2 6.0 191 
iiO.5 11.7 13.1 5.5 183 
42,0 12.0 13.6 5.7 174 
IM5 10.8 12.4 5.2 160 

h5.15 10.8 12.4 5.2 154 
47.25 10.8 12^4 5.2 ViS 
49.25 11.9 13.5 5.7 137 
51.0 10.2 11.8 5.0 127 
52.0 off 

Charge; 70(J gin» 

Tempel, 900^ 

PartiaJL Pressures: 
Cl2 
CO 
N2 

Flof?/s to Reactor: 

0.5 ats» 
0.'125 ats. 
0.375 ats. 

CI2: 6.0 l./miru 
CO : 1o5 1,/inin. 
N2 : 4o5 1<»/mn. 

Av» CO Feed 
CO 

Residues: 
Reactor: i97»5 gnis. 

Ti02 
Anrunlias: 62 

Ti02 
Cyclone: 5 gnis. 



Table 12^21 Continued 

T a i l iJas D a t a B a r o m e t e r 7 7 0 ram»Hg, 

T i m e 
H u n 
M i n . 

Temp* 
oc 

E a t e A n a l y s i i 3 ^ b y . V o l u m e 
T i m e 
H u n 
M i n . 

Temp* 
oc 

E a t e 

C l o T i C l i . C O 2 . CO N2 
I I 4 O 

2 6 ^ 0 

J 

1 9 . 5 

1 9 . 5 

1 9 . 5 

1 6 . 1 

1 7 . 7 

2 0 , 0 

1 2 * 1 

1 7 . 5 

2 5 ^ 5 

1 o 7 0 

1 . 7 0 

1 . 7 0 

1 1 . 9 

9i^2 

2 6 , 3 

2 1 . 7 

4 5 . 6 

4 3 . 6 

4 1 . 9 



71 d^ formoiion /?ot$ f 

Weight of TiOp 'r? Reoctor 
~ (p ='o-5 ah.) 

3o 40 So €o 7o 80 Bo loo Zoo 
Weight pf TiO^ in Reac-tor- ^ms. 

4oo $00 

F i p p o r e 1 2 . 1 8 

77 C/^ For mot ton Rok 

_ . ^elphf of Read or 
(A>CO = Ofs): 

4 o 50 6o f o 8o Sto 100 goo 

Weight of TiOj, /n Reactor ~ gm. 
300 4 0 0 S o o 



40 56 60 7o 80 9o 100 2oo 

Weight of VRqoc tor -oms. 



Prom these r e su l t s the r a t e s of f o i m t i o n of titanium te t rach lor ide i n a 

bed containing ten grams of titanium dio2cide are p lot ted i n Figure 12.21 

against the i n l e t p a r t i a l pressure of carbon monoxide. This p lo t slioiTs no 

s ign i f i can t var ia t ion i n the r a t e of foimation of t i tanium te t rachlor ide vd.th 

cliange i n the p a r t i a l pressure of carbon monoxide in the r eac to r . The t o t a l 

range of experiment allowing f o r the carbon monoxidQ fomed by react ion was 

0.03 to 0.25 atso Tliis wouild be expected from the very s1o\t reac t ion r a t e s 

•btained i n runs llf and I5 f o r chlor inat ion using carbon monoxide ins tead of 

carbon as tlie reducing agent. 

40 
i-l 

t f + l ^ 
' q j T ^ 

-r-T-T-f 

1 • - ' . . J , . -

! V 

-f-^-i-t-i-r-KH-
1 

4H-4-H-
i I -t-f-r 

— — j — , ', , 5 

tH-H-

/.I 

. i i r i i i j id i 
4 4r ! • p , , , . , , , 
n n T t i i x D i i x c r ^ ' 

t - t t t 

t ^ X u - r 
4-r 

r - f - r - - -

' > i r . » 

^^—f --4-.-J. ~ 4 — f — ' . — ' — i - ~ 

- f — i — ^ui-

'F'T 

-r-r-q-l i-h-r 114^:^:14114: X p X 

Figure 12 >21 

Chlorination Usin^ a Reduced Carbon to Rut i le Ratio 

The impoartance of so l id carbon in the react ion system having been shown 

by the r e s u l t s of the experiments on chlor inat ion using carbon monoxide as the 

reducing agent and on the var ia t ion of the p a r t i a l pressure of caibon monoxide 

i n the r eac to r , run 19 was m r r i e d out to determine the ^ f e c t of va r i a t i on of 

the r a t i o of carbon to r u t i l e i n the charge to the r eac to r . In previous runs 

a caibon to r u t i l e r a t i o s u f f i c i e n t f o r the react ion 

Ti02 + 2C + 2Cl2 — TiCli^ + 200 



203o 

had iDeen used, with the r e s u l t s t ha t as carbon dioxide was formed during the 

reac t ion the r a t i o of carbon to r u t i l e increased . Run 19 was c a r r i e d out on 

a chaise containing i n s u f f i c i e n t carbon to allow complete c l i lo r ina t ion of the 

cliarge by the r eac t ion 

Ti02 + C + 2012 s ^ TiCJl^ + CO2 

As caibon monoxide i s fomed i n the react ion occu2?ring the carbon to r u t i l e 

r a t i o i n the cliarge i s rap id ly decreasedo 

A charge containing 538 of r u t i l e and 62 gms. of carbon was 

prepared by premixing, using the mate r ia l s pi*epared f o r the e^q^eriments on 

the v a r i a t i o n of the p a r t i a l pressure of ti tanium te t rac l i lo r ide . The 

ch lo r ina t ion was c a r r i e d out under the same condi t ions as run 11 (Table 12«1if), 

t h a t i s using a ch lor ine p a r t i a l pressure of 0,5 a ts» and the same temperature 

and weight of r u t i l e i n the reac tor feed* Theiesul t s of the run a r e given 

i n Table 12,22. 



T a b l e 1 2 . 2 2 

Run 1 9 

204^ 

Time 
Run 
F d n . 

r 
T i G 1 4 Rate g m . / m i n . T i 0 2 

ReLiov.Rate 
Yfeigl it 

T i 0 2 i n 
Bed gm. 

C a i b o n ' 
Remov.Rate 

gnw/rain. 

Weight 
C a r b o n i n 

Bed gta« 

Time 
Run 
F d n . Measured T o t a l 

T i 0 2 
ReLiov.Rate 

Yfeigl it 
T i 0 2 i n 

Bed gm. 

C a i b o n ' 
Remov.Rate 

gnw/rain. 

Weight 
C a r b o n i n 

Bed gta« 

5 . 0 9 . 3 1 0 ^ 4 4 . 3 0 . 8 2 

6 . 2 5 1 2 . 5 1 3 . 6 5 . 7 m 1 . 1 4 5 . 8 

8 . 0 1 1 . . 8 1 2 . 9 5 . 4 476 1 . 0 4 

9 . 5 1 2 . 3 1 3 . 4 5 . 6 470 1 . 0 9 4 2 . 9 

1 1 . 2 5 1 1 . 9 1 3 . 0 5 . 5 458 1 . 0 5 4 1 . 3 

1 3 . 0 1 1 . 1 1 2 . 2 5 . 4 1 . 0 5 3 9 . 8 

1 4 . 7 5 1 1 . 9 1 3 . 0 5 . 5 W 1 . 0 8 3 8 . 3 

1 6 . 2 5 1 0 . 8 1 1 . 9 5 . 0 430 1 . 0 0 3 7 . 1 

1 8 . 2 5 1 0 . 7 1 1 . 8 5 . 0 2t20 1 . 0 0 3 5 . 5 

2 0 . 5 9 . 2 1 0 . 3 4 . 4 4 1 1 0 . 8 8 3 2 . 8 

2 2 . 7 5 9 . 0 1 0 . 1 4 . 3 400 0.86 3 1 . 3 

2 4 . 7 5 8 . 8 9 . 9 4 . 2 392 0 . S 2 3 0 . 0 

2 7 . 0 80O 9 . 1 3 . 8 383 Oo73 2 8 . 7 

2 9 . 5 7 . 6 8o7 ^ 3 . 7 yiK 0 . 7 0 2 7 . 4 

3 2 . 5 6^8 7 . 9 3 . 3 366 0 . 6 3 260I 

3 5 . 0 6 . 6 7 . 7 3 . 3 358 0 . 6 3 2 5 . 0 

3 9 . 0 4^7 5 . 9 2 . 5 347 0.2f8 2 3 . 6 

4 3 . 0 4 . 4 5 . 6 2 . 3 337 • 0.2^4 2 2 . 5 

4 9 . 5 3 . 1 4^3 1 . 8 3 2 4 0 . 3 4 2 1 . 4 
5 2 . 0 o f f 3 2 0 2 1 . 0 

T a i l G0.3 D a t a Bajrometer 7^5 

Time 
H-un 
i-'Iin« 

Teiapi R a t e 
gm»/inin» 

A n a l y s i s % "by Yoluine 

C I 2 TiDlh. CO2 CO N ? 

2 8 . 4 1 . 2 1 7 . 3 7 . 9 51^.5 
3 7 . 3 1 . 2 4 7 . 1 5 . 9 
4 0 . 2 1 . 3 1 3 . 9 3 . 0 5 1 . 6 

1 5 

27 

hp 

20,0 
2 0 . 5 

2U5 

1%9 
2U2 
Z3.Q 

8 
1 5 

20 

2 7 

CO C O 2 

jt02 

55.5 
5U3 
49o0 

5 4 . 4 

5 6 . 3 

C h a i s e R u t i l e 538 C a r b o n 

Ten^, 9000c 

P a r t i a l P r e s s u r e C h l o r i n e 0»5 

N i t r o g e n 0^5 

FloTiTs t o R e a c t o r C h l o r i n e 6 . 0 

N i t r o g e n 6 . 0 

T2 ©US, 

R e s i d u e s R e a c t o r 276 gms* 

Annulus 7 4 

a t s » 

a t s « 

1 «/ inin« 

l o / m i n , 

92.0;^ R u t i l e 

l ^ i l e 



The carbon removal r a t e v/as ca l cu la ted from the m t i o of carbon dioxide 

•to cait>on monoxide i n the t a i l gas and the r a t e of foimation of t i tanium 

t e t r a c h l o r i d e . The r a t i o v/as p lo t t ed a g a i n s t time and the r a t i o a t the t ime 

conoemedms used . 

In Figure 12.22 the r a te of foima-tion of t i tanium t e t r a c h l o r i d e i s 

p l o t t e d aga inst the weight of t i tanium dioxide i n the bed. The bottom cinve 

shows the r e s u l t s of run 19, while the top curve i s taken from the p l o t of the 

r e s u l t s of run 11 (Table 12.14) i n v/hich the carbon content of the bed exerted 

no contro l . The dotted curve i s compounded from the tvro curves to remove the 

v a r i a t i o n in the r e s u l t s of nineteen due to the decrease of the weight of 

t i tanium dioxide i n the bed. The wide d i f f e rence betv/een the r e s u l t s of runs 

11 and 19, shavT the carbon content of the bed to have a strong e f f e c t on the 

r a t e . 

F igure 1^23 shov/s the p lo t of the r a t e of formation of titaniLim 

t e t r a c h l o r i d e aga ins t the T^eight of carbon on tiie bed, the dotted c\irve shov/ing 

the r e s u l t s corrected f o r change i n the titani\;im dioxide content of the toed. 

Figure 12.24 shows the p l o t of r a te ve r su s carbon content us ing the correc ted 

da ta , and a l s o the data from run 11 to g ive a point a t a higher carbon content 

of the "bed. A smooth curve i s obtained showing c l e a r l y the dependame of the 

r a t e of r e a c t i o n on the carbon content of the bed. For the rea.ctor condi t ions 

used, the r e a c t i o n ra te f a l l s o f f very re.pidly Ydth reduction of the carbon 

contents of the bed below about f i f t y grains, of carbon, that i s about 70^ of 

the s t iocl i iometric amount of aarbon f o r the reac t ion wiiich would form carbon 

dioxide a s the on2y product. 



4fO 5C 
of TTO^ /d f^eacfor 

Fig^ire 12^22 

315 - 40 
, • : . • ; • • • ; I - •• - . . . . ,.L „.. . 

in Reactor 



VJ 

An interest ing result of the run i s tliat the peixientage of carbon cLLô dde 

i n the carbon mono^dde - carbon (^o:dLde mixture formed as a product of tlie 

reaction, changes very l i t t l e i?ith the large change in the carbon content of the 

bed; a reduction from 2̂ 4 to 23 grams causing a change from to This 

may also be conrpared v/ith the resul ts of the previous rans of ser ies I I I * 
t 

ezpeidments 

i n v/hich higjisr carbon contents vrere used* .Table 12»23 gives ths 

percentage of carbon dioxide in the carbon monoxide - carbon dioxide product 

from those runs i n •'jhich carbon,monoxide or carbon dioxide v/as not added to the 

reactor . 

In these runs the carbon dioxide percentage at the s t a r t i s very s imilar to 

that a t the s tart of run 19, although the carbon content of the bed was approx<» 

three times that at the s tar t of the l a t t e r r j n , A second trend i s a l s o 

apparent in these r e s u l t s , that as the run proceeds, there i s a f a l l i n the 

percentage of carbon di02d.de i n the product® This could be accounted f o r by 



the increase in the cail)on to rutile ratio -which occurred in these runs, and 

v/liich would promote the foirnation of caiijon monoxide. 

Table 12^23 

Percentage Carbon Dio:d.de in the CO - GO9 Product 

in Besfitibn. 

Run Run 
CO^i 

Run 
NOo C O ^ 1 

3R 

53»0 

50^6 

45.0 
51 

30.3 

47.3 
49»7 
42»8 

45.3 

32»4 
49 .0 
4S.8 

8 

10 

43 .5 
46.1 

43.6 
34.1 
33 .2 
37.8 
31.6 
49.0 
30»4 
32o7 

32.0 

11 

12 

13 

33.3 
49.6 
¥t-o8 

34.3 
33.3 
47.8 
33.6 

31.2 
W.5 

The almost constant composition of the carbon monoxide - caxbon dioxide 

product of the reaction with a seven fold inci-ease in the carbon content of 

the reactor sioggests that at 9 0 0 ^ boj;h oxides of caxbon are formed a^ direct 

products of the chlorination mechanism in the mtio of approximately 43 parts 

of carbon monoxide to 33 parts of carbon dioxide, and are not foimed by 

sugsequent reaction of oxygen or carbon dioxide with carbin. 

Chlorination in the Absence of Reducing Agents 

One nin was carried out to check the work of Kangro and Jahn (8) on the 

reaction of chlorine with titanium dioxide in the absence of reducing agents 

to remove the oxygen foimed, and to check the theimodynamic prediction that 



this reaction will take place to a l i jn i t^ extent. 

Five hundred grains of rutile "vrere charged to the reactor v/hich had been 

cleaned to remove any c^bon, and a mixtiare of chlorine snd nitrogen was 

passed at a total flow rate of twelve l i tres per minute using a chloirine 

partial pressure of 0^5 ats* and a temperature of 900^ . These conditions 

allo^T comparison with runs 14 aĵ d 13© Chlorine was passed f or one hour. 

During the run a gireenish yello^T deposit was formed on the gle^ss surfaces 

of the knockout drum and cyclone and v/hen the ta i l "gas was allowed to escape 

to atnosphere very small amounts of fume cliaracteristic of titanium 

tetrachloride were formed* . Tests of the deposits foirned shov/ed the presence 

of both soluble titanium and iron at the exit of the reactor. This sha/rs 

that some chlorination of the charge had occurred. Post chlorination 

weighing of the charge showed a loss of weight of two grams. 

It may therefore be concluded that at 900^ the reaction 

Ti02 + 2012 T^lij- + O2 

does occur but at a very slow rate. 



Cha.r)ter XIII 

Discussion of the Reaction Mechanism of the Fluid Bed 

Chlorination of Rutile in the Presence of Carbon 

Enero-y of Activation 

The energy of activation, the function E in the Arrheniua equation 

k = 

where 

k 3 Velocity Constant 

R a Gas Constant 1«98 cal®, 

T = Temperature ^ 

and C = Constant 

is the most important factor in determining the rate of reaction, since the 

function vaides so rapidly with T and E« The energy of activation 

is fundamental in determining the factors controlling the rate of reaction, as 

this factor is in effect the barrier to the taction. If the value of this 

factor is knov-Ti the type of control can be stated, as present knowledge in 

surface chemistiy has allovred values to be assigned to the energies of 

activation occurring for the various processes® As discussed in Cliapter III 

diffusion processes have very low energies of activation, physical adsorption 

takes place with an energy of activation of less than 5 KCal»/gma/mol» while 

chemisorption has an energy of activation is excess of 20 KCalo/gni»molo 
« 

Prom the restatement of the Arrhenius equation as 

log k = C - E/RT 

it is apparent that the value of the energy of activation for a reaction may 

be determined by plotting log k against when the slope of the line gives 

the value of E , R being known* 

While a rigorous calculation of the energy of activation for the reaction 

system is not possible without a more complete knowledge of the reacticxi 



mechanism/ an approximation has "been attempted using the data from runs 15 

and 16 of series two experiments on the variation of reaction rate v/ith 

temperature. In addition experijnent has shown that the reaction is 

xmretarded hy the products, and is of the 0,6 order with inspect to ciilorine* 

For a static system the velocity constajit for such a reaction vrould be 

given by the equation 

-dp/dt = kp 

where k * velocity constant 
p ss partial pressuire of chlorine 
t = time 

, In a floY/ system, in wliich constant conditions of flov/ and total pressure are 

maintained in the reactor, the rate of reaction ( -dp/dt for the static system) 

is given "by the rate of foraiation of the product, which here is the rate of 

foimation of titanium tetrachloride expressed in grams per minute. Thus the 

velocity constant k may be expressed as 
V T? t Rate of Foiroation of TiCUi v ic = F ) 

where F is a multip}.ication factor to bring the expiression to the correct units. 

This factor may be neglected in determining the energy of activation from the 

plot of log k against 1/T» 

As the experiments in which the temperature variation of the reaction 

system was determined were carried out in deep "aeds in which a large variation 

in chlorina concentration existed between the top and bottom of the bed, the 

values for the partial pressure of ciilorine used in calculation of the above 

expression vrere determined by taking the log mean partial pressures calculated 

on the inlet and exit conditions. As no inetts were fed to the reactor in 

these experiments the inlet partial pressure was taken at one atmosphere T/nile 



the exit partial pressure ytbs caloxalated from the conversion obtained for a 

given time and the analysis of the tail gas. 

73 / 

p/o/- ^f /?o/-e 
b ^^ r c/o 

/^un i 

/^un /S X 

IhO 

Figure 13*1 shows the plot of the function k against 1/T for the data of 

runs 15 ^ Series II experiments, and shows good linear iagreernent of the data« 

Calculation of the energy of activation of the reaction from the slope of this 

line gives a value of 20 KDal./gra,/mol, 

While this value is subject to error due to the approximations made and the 

scant knowledge of the mechanism of the reaction, it is as v/ould be expected of 

the same order as the energy of arjtivation of chemisorption processes, and in-

dicated that the rate of reaction is controlled by such a process^ It is 

interesting to note that this value is of the same magnitude as the energy of 



activation determined by Garner (47) f o r the chemisorption of CO on a vaidety of 

oxides. 

Mechanism of Reaction 

Yifhile the escperiraents discussed in previous chapters have yielded results 

v/hich allow certain mechanisms previously considered probable to be eliminated, 

and have produced fresh evidence on the mechanisms i t s e l f , the data i s s t i l l 

incomplete and no mechanism could be put for7ra.rd v/ith certainty vdthout further 

work» 

The experimental results obtained which are signif icant in determining the 

mechanism of the reaction are summarised belorw: 

a. The reaction commences at about proceeding at appreciable rates 

above 650*^0 The energy of activation i s 20 IQ^al»/gm«/mol, 

b. The reaction i s of fractional apparent order (0»6) v/ith respect of 

chlorine* 

Co The reaction i s unretarded by concentrations of carbon monoxide or 

carbon dioxide in the system, 

d« The reactioh is autocatalysed by titanium tetrachloride, the rate of 

reaction increasing v/ith increase in the part ial pressure of titanium 

tetrachloride in the system. 

e. The adsorptions of chlorine and titanium tetrachloride appear to be 

the rate controlling steps. 

f T h e reaction using carbon monoxide instead of carbon as tlie reducing 

agent in the chlorination i s slo'.7, the rates being in the rat io of 

approximately 1 to 20. 

g» At 900*̂ 0 the reaction . 

Ti02 + 2Gl2 TiClij. + O2 

can be detected, but the rate i s extremely slow. 

h. The reaction rate f a l l s o f f veiy rapidly below a carbon to rut i le 

ratio of approximately 0.2:1. 



.i. Both carbon monoxide and carbon dioxide are formed as products of the 
reaction. At 900^ a tail gas containiAg approximately 55^ of carbon 
dioxide is fomed, the ratio of dioxide to monoxide changing little with 
reduction of the carbon content of the bed. 

j • Variation of the teriiperature changes the r atio of carbon mono:d.de to 

carbon dioxide in the tail gas, high temperat̂ ores favourir^ the 

formation of the monoxide. 

The very la// rate of the reaction of titanium dioxide and chlorine in tiie 

absence of reducing agents eliminajjes the possibility of the reaction meclianism 

shov/n by the equations 

Ti02 + 2Cl2 TiCJlij. + O2 
Slid 

20 + O2 2C0 

occurring, for, as discussed in Chapter III, it should be possible to achieve 

rates for the first step similar to those for the overall reaction by sweeping 

away the products of reaction in a fast stream of gas, thus disturbing the 

reaction equilibrium. This does not occur. 

The mechanism suggested in Chapter III of adsorption of c-arbon monoxide 

and chlorine on the titanium diô dLde surfâ ce, folla,ved by the desorption of 

tito.niura tetrachloride and carbon dioxide, has also been shoT/n to be of little 

importance in the fluid bed chlorination in the presence of carbon, for, had 

the clilorination occurred according to this scheme, the reaction rates obtained 

in experiments using carbon monoxide instead of carbon shouM have been of the 

same order in each case. Further evidence against this mecha.nism m s obtained 

from the experiments shovd.ng that va-riation of the bed partial pressure of 

carbon monoxide had no effect on the reaction rate, and that the rate was in 

fact dependant on the araount of carbon in the bed. 



The autocatalytio effect of titanium tetrachloride is most readily 
accounted for by a mechanism in vdiich titanium tetrachloride is chemisorbed 
on the surfa.ce of titanium dioxide to form an. intermediate compound® Prom 
the chemistiy of titanium and related elements the most probable intermediate 
compound fomed would seem to be the ô ycliloride TiOGl2, and althou.^ there 
is a derth of information on such a compound in the literature, both 
vanadium oxjrchloride (YOCI2) and zirconium oxychloride (ZrOGl2) have been 
isolated, the foiroer as a liquid boiling at 12700, the latter as a series of 
hydrated salts* This suggests that titanium oixychloride does e:d.st, etnd 
from the properties of the related compounds it is not unreasonable to eiqpect 
that it may be a gas at the chlorination temperature. 

If the first step of the reaction is the formation of this oxychloride, 
the role of the carbon surface in the reaction may be accoi-inted for by the 
transfere of the ô qychloride to this surface, and its reaction there vd.th 
adsorbed chlorine to yields the tetrachloride and o^'gen which would then 
react with the carbon surface to give carbon monoxide and carbon dioxide® 

Such a reaction mechanism requires the following steps: 
a. The chemisoiption of titanium tetrachloride on the 

titanium dioxide surface to foim titanium oxychloride* 
b« The desorption of titanium oxychloride 
c» The chemisorption of titanium oî qycliloilde on the 

carbon surface and its reaction there with adsorbed 
chloriiie to yield titanium tetrachloride, and the 
oxides of carbon, 

d« The desoiption of titanium tetrachloride and the 
oxides of carbon from the carbon su3?face* 

It has been shown ê q̂ erimentally that the adsorption of chlorine and titanium 
tetrachloride on the surfaces involved are the rate determining steps, and for 



this mechanism it must be supposed that each of these rates are of conrparable 

magnitude® 

In the light of the experimental data one defect of this suggested mechaniai 

is that it dô ss not account for the constant C0:C02 ratio in the tail gas Ŷ iich 

does not vaiy v/ith the amoimt of carbon in the bed, changing only with change 

in bed tanperature. 

A second possible mechj3jilsm could be the inaction of titanium tetrachloride 

and csjrbon monoxide on a carbon surface to foim a co-ordination complex 

TiOl2j.«2CO and the subsequent chemisoiption of this complex on the titanium 

dioxide surface to forci surface carbonate and dichloride followed by the 

adsorption of chlorine and the desorption of titanium tetrachloride sind carbon 

dioxide. This mechanism is hov/ever less acceptable as it seems unlikely that 

the complex would be a.t all stable at the temperatures involved, if indeed it 

exists at all, and secondly in such a system carbon monoxide could only be 

formed by the secondary reaction of câ rbon dioxide with carbon; variation of 

the carbon content of the bed would alter the ratio of the oxides of carbon in 

the tail gas« 

It is felt that these resiolts have added to the understanding of the 

mechanism of the chlorination and that additional vrork should be carried out 

to further elucidstte what has been shown to be a complex reaction system* The 

fi2?st steps in such work should be a study of the possible complexes formed by 

titanium tetrachloride vn.th the other components of the reaction system, and 

of the part played by the carbon surface in the reaction mechanism^ 



Chapter XIV 

Discussion of the Optimum Conditiona for the 

Fluid Bed Chloilnation of Rutile 

The foregoing experimental investigation has sham, that the overall 

reaction occurring in the fluid "bed chlorination of nitile is represented 

"by the equation 

Ti02 + 2012 + C — ^ TiCljî  + CO2 + 0 0 

in which the ratio of carbon dioxide to carbon monoxide in the products of 

reaction varies with the reaction temperature and with the carbon to rutile 

ratio in the bed» 

The optimum conditions for the reaction can best be discussed under the 

following headings: 

a» Temperature 

b . Rutile to Oarbon Ratio 

c« Rutile and Oarbon particle size 

d» Bed depth o M Ohlorine velocity 

e. Reactor Design 

f^ ilinimum size for an Autotheimic Reactor 

Temperature: As discussed in Ohapter 11 the reaction commences at about 

4 0 0 ^ and reaches a sufficient velocity to saturate the tail gas from the 

reactor with titanium tetrachloride at approximately 650*^, As the temperat-

ure is further increased the reaction rate-temperature relationship is 

linear to 1000^ v/hich was the highest temperature reached, within which range 

the temperature coefficient was 0»l66 ©s/minycentigrade degree and the 

energy of activation v/as 20 KCal/gm«mol, Oomplete conversion of the chlorine 

feed to the reactor was obtained at temperatures betv/een 900 and 1000*^ at 

the bed depths used» 



The optiinum temperature f o r the chlorination i s that temperature v/hich 

y i e l d s the roost exotheimic reaction, and gives a s u f f i c i e n t l y high rate of 

reaction. This temperature should "be kept to a minimum to simplify the 

materials of constructions required^ The heat of the overall reaction i-vill 

va iy with the temperature at -which the reaction i s carried out and v/ith the 

proportion of carbon dioxide formed in the reaction» This, as has been shov;r 

var ies v/ith the reaction temperature and, to a lesser extent, with the carbon 

content of the bed. For the purpose of calculating the heat of reaction at 

various temperatures the composition of the t a i l gas sho\m in Figiire 11,6 

curvd •c' has been selected, as th is data i s in close agreement with the 

data of series three experiments at 900^. 

The overall reaction can be broken down into the following simple 

reactions f o r which the heats of reaction can be calculated, 

i , Ti02 + 2012 Tjii3l4 + O2, 

' i i . C + O2 CO2 

and i i i i , 20 + O2 200 

These hava been calculated from the data given in Appendix I and are shown 

in the following tables: 

Table 

Heat of Reaction Data 

' Reaction AH Oal./mol. 

Ti02 + 2OI2 ——— 
TiCl4 + O2 

C + 02 ^ CO2 
20 + O2 200 

liQlM- + - 4»13 X -ir K 

- O,6T - 0,09 X i o " V + m o X 

-51139 - 0,2f2T - 1^35 X lO^^T^ - 4.22 x lO'^T"'' 



Table 14*2 
Variation of the Heat of Reaction with Temperature 

Tw.-ip, OC 700 800 900 1000 

4H 
Cal/mol» 

TiCl2^ 
002 
00 

50380 
-9¥)00 

-53470 

50124 
-9W0 
-53790 

49770 
-94170 
-54150 

492î 4 
- 9 W 0 

• -54550 

Table 14»3 shows the number of mols. of carbon dioxide and carbon monoxide 

produced for each mol» of titanium tetrachloiia.e formed for the reaction 

occurring at the temperatures given in Table using the data of curve 

Figure 11 •6, and the amount of heat absorbed or liberated in the fonnation of 
of 

one mol» of titanium tetracliloride and/these amounts of carbon dioxide and 

carbon monoxide. The total heat of reaction, TAdiich i s the sum of these 

heats, i s given in the last coluipn» 

Table 1i|.»3 

Temp** 
Mol. formed/mol. 

TiOp i^eacting AH Cal./ 'mol. of Ti02 Reacting 
< 

PC CO? CO TiClL CO? CO Total 
700 
800 
900 

1000 

0,78 
0o74 
0.69 
0.65 

0.44 
0.52 
0.61 
0.71 

50380 
50120 
49700 
49240 

-73400 
-69600 
-64900 
-61100 

-23500 
-27900 
-33100 
-38800 

-46520 
-47380 
-48300 
-50660 

This vaxiation of heat of reaction with change of temperature i s shown 

graphically in Figure 14̂ 1 



Figure 14*1 
For continuous autotheimic operation the sensible heat required to raise 

the reactants to operating temperature must be supplied from the heat of reaction 
as recovery of the heat from the gas leaving the reactor presents serious 
problems in construction and materials. Since the amount of carbon required 
for the reaction varies as the C0:C02 ratio changes with ch£uige in temperature, 
allowance must be made for this in calculation of the total sensible heat 
required. Table shov.-s the sensible heats required to bring the reactants 

from 25^ to the various reaction temperatures and the net heat of reaction under 
these conditions. Figure 14*2 shov/s the plot of net hea.t of reaction against 

temperature. 



Table 

22n 

Temp, 
00 

- T̂  Cal./mol, Ti02 Reacting Nett Heat of 
Reaction 
Cal/mol. TiCljti, 

Temp, 
00 TiOo Gin C Total 

Nett Heat of 
Reaction 
Cal/mol. TiCljti, 

700 11300 11600̂  3900 26800 -19720 
800 13200 13W ii£40 31200 - I 6 I 8 O 

900 15300 15200 5600 3 6 1 0 0 - 1 2 2 0 0 

1 0 0 0 IJItOO 17000 6600 41000 - 9660 

Fi^ure 14»2 

Prom the results of exper±raent 14 Series I I complete chloiane conversion 

was obtained at 980^ for a bed containing 800 gms. of rutile using a chlorine 

feed of 36gm./mino The total weight of the charge was then 102,i0 gms, with 

an unexpaaded bed density of 1«66 gtns./cc»; whence for a maxiinum bed 

e:qpansion of as deteimned from experiment, the length of diameter ratio 

( i / d ) of the bed is 4 » 6 : 1 , v/hich gives an output of 3 , 3 Ib./min, of titanium 

tetrachloride per cubic foot of bed volume• The foimaticn rates shown in 

Table 1if«5 at the tabulated temperatures were obtained from the data shown in 

Figure 11 #5 for run 14* From these values and the above heats of reaction 

the heat outputs per cubic foot of bed have been calculated and are shown in 



Table 14.«,5 arid Figure 14,3 
Table 14*5 

Temperature ^ TiCJl̂  Formation 
Rate rD/min/ft3 

Heat Output 
BTU/hr/ft3 

750 • 0.83 8400 
800 12700 
900 2.36 18200 
1000 3o74 21000 

Flmre 14o3 
This data shows that the optdjnum temperature for the chlorination lies 

between 85O and iOOO^» In this range the rates of reaction achieved are high 
and the rate of increase in heat output is lovfer than in the range 750 and Ŝ QOCc 
Further factors influencing the optijnum operating temperature are the effect of 
high tenroeratures on the construction materials of furnace and the melting point 
of the esh formed from the coke during the chlorination. As the choice of the 
lov/est possible temperature will reduce the attack suffered by the furnace 
stincture and Y/ill allow a T/ider choice of cokes, the optimum operating 
temperature vrould appear to be aronnd 900*^. 



Rutile to Carbon Ratio The i^esults of run 19 of Series III experiments have 

shorni that the optimum carbon content of the reaction bed is approximately 

70^ of the stiochiometrio amount of carbon required for the reaction 

Ti02 + 2012 + 2C TiCl4 + 200 

This gives a rutile to carbon ratio of 2f»75si by weight for the reaction bed. 

It has also been shown that the carbon dioxide to carbon Monoxide ratio 

in the tai l gas varies l i t t l e vdth change in the carbon content of the bed, 

remaining at approxiniately Ĝfo carbon dioxide, giving the reaction 

Ti02 + 1.280 + 2OI2 — Ti0l4 + O.72OO2 + 0.5900 

thus the rutile to cgibon ratio in the feed should be 4*9 to 1» In 

operation the correct ratio should be checked periodically from analysis of 

the tail gas and of the carbon content of the bed® 

Rutile and Oarbon Eairticle Size The choice of particle size f or rutile 

and carbon are governed by the following factors: 

a« Variation of fluidization characteristics with change in 

particle size. 

bo The increase in surface area available for reaction with 

decrease in particle size. 

c» The expense off fine grinding 

Previous woiic has shown that the best fluidization chara.cteristics are 

obtained lising a range of particle sizes® In a continuous Reactor this 

condition would be automatically obtained because of the gradual reduction 

of the size of tlie particles during chlorination, and although the rutile 

from beach sand is obtained as a closely sized material between 65 and 100 

mesh, grinding would not be necessary, as such a feed would yield a size 

distirubition in the bed giving h i ^ rates of reaction. Sjjnilar 



considerations apixly tô  the caitoon feed for vAdoh experiment has shown that 
a size range j)f 65 to 100 mesh m>uld also he suitablê  Separation of the 
fines from this ground material -would he xinnecessaiy as the loss of fines 
from a fliaid bed is low due to a retaining effect exerted by the bed« 
Nevertheless some carryover of fines would occur and a cyclone should be used 
to separate these from the tail ̂  and return them to the reaction bed. 

Chlorine Velocity; Prom the plot of bed dî pth to diaiheter ratio requiied 
for a given percentage chlorine conversion versus the chlorine feed rate 
(Fig, 9#9) it is seen that for the experimental reactor used the chlorine 
feed rate should not exceed 3«0 lbs./min,/ft? of reactor cross section, as 
above this figute the I/D ratio required for the given conversion rises 
rapidly due to the increase in the bed slugging* 

As the slugging tendency of the bed decreases with increase in the bed 
fliameter, higher feed rates shotild be peimissible in larger diameter beds* 
The extent to which these rates could be increased would have to be deteiminê  
by experiment as no reliable data for scale-tap is available* 

Bed Depth; The depth of the reaction bed is necessarUy deteimined by the 
characteristics of the flioii bed* The experimental runs have shown that 
sltigging increases with increase in the bed dbpth, becoming very baid in rutile-
caibonbeds for a length to diameter ratio of 10; 1* Although experiments 

^ (lios* 14 and 15 of Series L) were carried out at an I/D ratio of 7*5;1 
f slugging was bad and could lead to difficulties in comme^ial opemtion* 
These experiments suggest that a maximum I/D ratio of 55I wo\ild be 
satisfactory for commercial reactors* c î LCSCJ 



Reactor Redesi.r^n: Figure 14,4 shows a reactor designed for and I/d ratio of 

5:1 • Since it is necessary to provide for the separation of solids carried up 

from the bed surface, free space must be provided above the bed. For the beds 

and gas velocities used these "streamers" of entrained solids seldom exceeded 

the diameter of the bed, and consequently a total I/d ra.tio of 7:1 for the 

reactor shaft shou^-d be satisfactory. This shaft should be sumoimted by an 

enlarged section or "Knockout Drum" to allov.̂  for the disengaging of entrained 

solids at a loî rer gas velocity. 

Figure 14,4 

Gq^ ex// I 
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Alumina 

cZ/s^nhutor cone 
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Ch Jon) nation 

furnQce 

Joint 

- Thermocoufje ^eofh 

Early experojnents showed that altho^jgh tho cxttj^t^t of fines froni the bed 

was relatively small (approx, for the graded materials used) it Yra.s necessaiy 

to separate these to prevent blockages in the condensation system. This 

sep.aration was carried out by a cyclone of the design shovm. in Periy* s CheniiGal 

Engineering Handbook Third Edition using an inlet velocity of 50 ft/sec. For 

an industrial reactor this unit would be most suitably placed inside the knocloout 

drum returning the separated material directly to the reaction bed. Such a 

unit could suitably be constructed;, from fused silica. 



from fused silica. 

Measuremsnts made on the experimental ireactor tube and silica 
thermocouple sheath showed no appreciable attack after about forty hours 
opemtion at temperatures in the range of 900 - 1000^, â d it may be 
concluded that silica is a suitable material for the construction of the 
furnace shaft. 

In the above reactor the shaft would be constructed from silica brick 
lagged with diatosnaceous earth and tiie whole enclosed within a mild steel 
shell. The thickness of the lagging must be such as to reduce the heat 
losses to a reasonable level to allow autotheimic operation and to hold the 
shell at a temperature at which chlorine attack will not occur. Ground 
rutile and coke would be continuously fed to the bed by entrainment in the 
chlorine feed, and the products of reaction would leave through the cyclone 
to pass to the condensation system. The feed to the reactor would be 
distributed by means of a silica distributing cone canying a centrally 
placed thermocouple sheath, a solids discharge tube to allow periodical 
pixrging of the bed and a silica coil for heat removal and control of the 
bed temperature. The heat requirement of the reactor would be supplied by 
the heat of reaction after the reactor had ini-felly been brought up to 
reaction temperature by burning coke in air in the bed. Once the coke bed 
had reached reaction temperature the reactant feed could be commenced and the 
startup air feed discontinued. 

From tlie results of Series II espeidments such a reactor having an expani 

ed bed volume of 0*5 operating at 900*̂  would have an output of 1800 lbs« 

of titanium tetrachloride per day. Compared with the pilot plant results 



reported by McTaggart this rate is appro^dmately t 7 / e n t y times faster than the 

rates obtained for the chlorination of briquettes • 

The Minimun Size for an Autothetmc Reactor An autothermic reactor becomes 
possible when the net heat of inaction exceeds the heat losses from the reaction 
bed* 

At a datum temperature equal to the temperature of reaction heat is lost from 
the bed by conduction tlirough the walls of the reactor in contact -with the bed and 
by radiation from the top of the bed to the remainder of the rea.ctor surfaces. 
For a: reactor of the shape described above the hea.t output increases as the third 
poorer of the diameter, v/liile the heat loss increases appro>dLmately as the second 
poYrer of the diameter. As heat losses mil occur from a vanishingly small 
reaction space in which the heat output is negligible, it is apparent that there 
will be mirJjnum size of reactor below vrhich the reactor will not be thermally ^ : 1 1 ? 1 ! 1 ; 1 !— J It-self supporting. 

Fjirure 14,5 sS 

,-r-T-TT 



Figure 14»5 shovra curves f o r the change of heat output and heat l o s s ^Tith 

change i n the r eac t i on "bed volume f o r a r e a c t o r of the dimensions slia^n i n 

Pigijre 14.4 using a lagging of fo^jr inches of diatomaceous e a r t h . For bed 

volumes of 0o25 f t J and "belo?; s i l i c a tube vrauld be used i n s t e a d of s i l i c a 

b r i c k . The method of c a l c u l a t i o n the heat l o s s i s sho\m i n Appendix IV"» 

This fxgilrQ shov /̂s t h a t f o r fouir inches of lagging and an opera t ing temperature 

of 900^ autotheimic opera t ion could be obta ined f o r r e a c t i o n bed volumes i n 

excess of 0,125 cubic f e e t . 

These curves a l so shov;- tha t above t h i s minimum s i z e r e a c t o r p rov i s ion 

must be made to remove the heat of rea.ction i n e^scess of t h a t l o s t by 

conduction and r a d i a t i o n . Fa i lu re t o remove t h i s hea t would r e s u l t i n 

runaway temperatures and damage t o the r e a c t o r s h a f t , . 

As t he t o t a l amount of hea t to be removed i s r e l a t i v e l y small , 10,000 

BTU/^, f o r a r e a c t o r with a bed volume of one cubic f o o t , and the ten^eratuire 

gr-adient a v a i l a b l e i s l a r g e , the grea tes t f l e x a b i l i t y of opera t ion would be 

achieved by c i r c u l a t i n g a s u i t a b l e * f luid* through a s i l i c a c o i l submerged i n 

the f l u i d bed . As the temioerature condi t ions preclude the use of a l l 

l i qu ids o the r than l i q u i d meta l s , the most s u i t a b l e heat t r a n s f e r e medium 

would be a f i n e so l i d mate r i a l i n the l ean phase f l u i d i z e d s t a t e ivith a i r as 

the suspending medium. This Y/ould give s u i t a b l y high heat t r a n s f e r e 

c o e f f i c i e n t s and a higli heat removal per pound of heat t r a n s f e r e medium. 



Concl vision 

The investigation has shown that the fluid bed chlorination process is 
very attaractive for the manufactiire of titanium tetrachloride. Production 
rates may be obtained "VThich axe approximately twenty times faster than the 
old "briquette" chlorination, and at the optimum chloilnation temperature 
(900^) complete conversion of the chlorine feed is possible. Calculations 
based on experimental results show that continuous operation of an 
autotheimicl reactor should be possible for reactors with bed voli-mies in 
excess of 0.125 ft| such a reactor havirig titanium tetrachloride output of 
about 150 Ib/hr./ft^ of expanded bed volume© 

These ireactors vrauld be simple' and economical to operate. 



A P P E N D I C E S 



Appendix I 

Thermocynamic Data Table I 

Spec i f i c Keats of Substances 

Substsjice 
( 

Temp» 
Range 

OK 
Spec i f ic Heat Cal/^5ol. Soiarce 

TiDli^ 298,16 37^5 National TiDli^ 
Standaiids 
Boreati, 

Washington 
TiCl4 (g) fi 22.8 It 

FeTi03 (c) H 23^78 ri 

TiC (c) tt n M 

Ti02 273/713 Cp = 1 1 . 8 1 + 7e54 X Kel lcy 
- 0.419 2C lO^T^ Corapil. 

C(graphite) - 1 3 7 3 2..673 + 2.617 X 10*"^! It 

- I0I67 X 
GO(g) -2300 6.60 + 1 . 20 X 10"^T If 

C02(g) -12CX) 10 .34 + 2 .74 X 10*"^! It 

- n 9 9 5 X l o V ^ 
Cl2(g) -200® 8.28 + 0^56 X lO^^T II 

02(g) 300-300 8.27 + 0.238 X 11 

- 1 .877 X IO^T""̂  
Ti(c) 273-713 8.91 + 1 , 1 4 X 1 0 " ^ II 

-4 .33 X IO^T""̂  
Ti^^l^Cg) 298/1100 25^74 + 0 . 1 10""^T Calculated 

-2.88 X IO^T"^ (Appendix l ) 



TABLE II 

Entropy, Heats and Free Energies of Formation 

Substance 
Temp. K Cal. Mol*"'' 

log^O KP 
So Substance OK 

AHfO ^Ffo log^O KP Cal/ 
Degree 
mol 

Source 

TiOgCc) 
(Rutile) 

298.160 -218.0 -203.8 149.38 12.01 

FeTi03(c) ,»» -288^5 -268.9 197^1 25.3 

TiC tt -54 -53 
* 

38.8 5.8 National 

TiCl^(l ) It -179.3 -161.2 118.6 60.4 Standards 

TiCl^Cg) tt 84.4 Bui-eau 

Cl^g) It 53.286 Compilation 

C(B graph) It 1.36 i 
O0OO3 

•by 

C0(g) -32.81 24.05 47.32 Rossini 

C02(g) -94.05 -94.25 69.09 51.08 1949 

Latent Heat of Fusion TiCl^ ^ H -23^0 = 2.24 K cal.mol"^ 

Entropy of Fusion of TiCl^ A S -23^0 » 9-0 Cal/^ol. 

Latent Heat of Vapourisation of TiCl^ 

A H = -8.62 Kal. raol"'' National Standards Bureau, Rossini, 194-9 

^ H * 13050 - 11.5 T cal. mol"'' Kelley compilation. 

Free Energy of Vapourisation of TiCli,. 

AF298 = "" 2.459 K.cal.mol"'' 

^F r 13050 + 26.5 T log T - 101-10 T Kelley 

Cornpilation 

Entropy of Vapourisation of TiCl̂ ^ 

^ ^409OK = 20.4 Cal/omol. 



Calculation of the Specific Heat of Titanium Tetrachloride Vapour 

The specific heat data for titanium tetrachloride could not "be found in 

the literature, and has been calculated fran Raman Spectra data for wave 

numbers* 

Then Cp = ^ R + | r + R + Cv, 
^ 3 

assuming the classical value of ̂  R for translational and rotational heat 

capacities, the molecule "behaving as a symttrical top« 

The vibrational heat capacity for each level is giv^ by the expression 

Cv - 2ILS for vibration 

along three different directions, 

•vidiere 

R s gas constant 
% 

X = 

1.432 w 

k = Boltzman*s constant 

h = Planck's constant 

V = vibration frequency 

w = wave No« cm""̂  

The quantity x was calculated firom wave numbers given by Weu '^Vibration 

Spectra and Staructure of Polyatomic Molecules", and the values of Cv 

obtained fjrom tables given in Wenner's "Thermocheraical Calculations" Page 345o 

O^e values of Cp for titanium tetrachloride gas at various temperatures 

were then calculated, and a relationship of the form 

Cp = a + b T - CT-.2 was obtained by setting up four 
similtaneous equations using the calculated values of Cp for a given temperatiire, 



Calculation of Titanium Tetrachloride 

Vepour Cp, Temperatiire Relationship 

Level Degeneracy e T*298.160K 
1 • ' 

T=500OK T=7( DOOK 
1 —p 

T=900OK T=11 OÔ K 
Level cm Degeneracy e 

X Cv X Cv X Cv X Cv X Cv 

1 386 1 352.7 1.85 1.505 1.11 1o795 0.79 1.887 0.61 1.930 0.50 1.946 
2 119 2 170.4 0.57 3.867 0.34 3.935 0.24 3.954 0.19 3.961 0.16 3.964 
3 419 3 703.1 2.36 3.823 1.41 5.064 1.00 5.488 0.78 5.667 0.64 5.768 
4 139 3 199.0 0.67 5.742 0.40 5.882 0.28 5.922 0.22 5.936 0.18 5#943 

Cv 14^957 16.674 17.251 17.494 17.621 

22.885 24.622 25*20 2 5 . ^ 25.57 

Whence Cj> = 25.74 + 0̂ 1 x - 2»88 x 



Themodyiiaiiiic Survey of ClTlorj.nation 

In the purpose of clafifying the reaction mechanism which takes place 

N̂hen chloiane i s reacted with titanium dioxide in the presence of carbon, 

the folloYdng calculation of equilibrium constants for the possible reaction 

have been carried out» 

The reactions which may occoir are: 

or 

Ti02 + 2012 SSr-S--: TiOl/j. + O2 

O2 + C ^ : — ™ 002 

O2 + 20 ^ tZ 200 

C + OO2 n i ™ 200 

Ti02 + 200 

Tx + 2Cl2 , J i m Ti Ol2̂  

CO2 + 

The equilibrium constants for the above reactioBs have been calculated 

from specific test data for the reaction, using the Van't Hoff isochore. 

in -ydiich A H = 

then In Kp = 

d Lm Kp 
dT 

Cp dT 

' a h m dT 

A H 



C a l c u l a t i o n o f EqT.iilibrium Cons tan t f o r the R e a c t i o n : 

T i02 2012 T i C l 4 + O2 

{Cp R.H.S^ 

Cp T i C l 4 = 25«74 + 0 . 1 X - 2^88 x IO^T"^ 
Cp O2 = 8 , 2 7 + 0^26 X lO^^T n 8 8 X IO^T"'^ 

i C p 34#01 + 0 .36 X iO^^T - W 6 X 

ICp L.E.S. 
Cp TiOg = 1 1 . 8 1 + 7 . 5 4 X 0 , 1 ^ X le^T""^ 

Cp 2Cl2 = 16.56 + 1 . 1 2 x 1 0 ' ' ^ T 

i Cp 28.37 + 8 .66 X - 0 . 4 2 X IO^T"*" 

. ^ C p = 5o64 - 8 . 3 0 X - 4 . 3 4 X 

^^H = Ho + 5 . 6 4 r - 4 * 1 5 X 1 0 " V + 4 » 3 4 x IO^t"*^ 

d H(f )25sO T i C l 4 ( g ) = AH T i C l ^ ( l ) - m v a p . 

= - 1 7 9 . 3 + 13050 - 1 1 . 5 X 298 

1000 

= - 1 7 9 . 3 + 9 . 6 * - 1 6 9 . 7 E.cal .mol."" '^ 

AH298 = - 1 6 9 . 7 + 2 1 8 . 0 = 48 .3 K . c a l . m o i r ' ^ 
48300 = A H o 5 . 6 4 X 298 - 4 . 1 4 X 10""^ X 298^ + 

AEo = 48300 - 1680.7 + 368 .5 + 1 4 5 6 . 4 

= i fSVA 

A^i = W 4 4 + 5 . 6 4 T - 4^15 X l O ' V + 4 . 3 4 x l o V ^ 

,T d I n Kp _ NOW - ^ 

4B444 ^ i a i i 4 . 1 5 x l o " ^ 4>34 x 10^ 
= " I S 2 ET R 



L n K p = T ^ x , ^ ^ K p 

A l s o I n k P = 

R T ' ' R 

^ t-p 

R T 

R 

- 6 F 2 9 8 T i C l i i - ( g ) = ^ ^ T i C l i ^ ( l ) - v a p . 

> 2 + T l o f ^ 1 0 1 , ? T ) 

- + 1000 
- 1 

- 1 

= - 1 5 8 , 8 K . c a l , m o l « 

t ¥ =: - 1 5 8 < » 8 + 2 0 3 . 8 = 4 5 » 0 K ^ c a l . m o l , 

^ ^ P - I T S = 

• 0 7 ^ 2 , 3 0 x 5 . 6 4 x 2 , 1 ^ 7 6 1 5 x 1 0 ^ ^ x 2 9 8 

• • = 1 . 9 3 x 2 9 8 1 . 9 8 1 « 9 8 

1 . 9 8 x 8 « 8 8 x 1 0 ^ ^ 

• • I = - 8 . 5 6 

. . I n K p - -
2a 1 7 x 1 0 

R T ^ 

r 3 
- 8 O 5 6 

T a b l e I I I 

V a r i a t i o n o f K p w i t h T e m p e r a t u r e 

T ^ C 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0 

L n K p 

K p 

- 2 8 . 0 3 

6 ^ 6 5 x 1 0 " ' ' ' ^ 

- 2 3 . 0 8 

- 1 1 
9 » 5 x 1 0 

- 1 9 . 2 7 

4 . 3 x 1 0 " ' ^ 

- 1 6 . 3 6 

7 . 9 x 1 0 " ^ 

- 1 3 . 8 3 

9 . 8 x 1 0 " ^ 

- 1 1 . 8 1 

7 » 5 x 1 0 ' " ^ 

- 1 0 . 1 6 

3 . 9 x 1 0 ' " ^ 

K p = ^ i C l ^ i L ^ 

f o r t h e r e a c t i o n T i 0 2 + 2 0 1 2 T i C l j ^ + 0 2 

L e t 1 0 0 = t h e m o l . % c o n v e r s i o n o f c h l o r i n e 

T h e n m o l s « a t e q i i i l b r i i o m = 2 ( l - x ) + 2 7L = 2 

p C l 2 1 - X 



PTiCl4 = = JL 
2 

• ^100000 L = 3*9 X 

0 .5 = 0^00625 - 0.00625X 

= 0.0125 
« 

Conversion = 1«25/o 

(2) Ca lcu la t ion of Egui l ibr iur i Constant f o r Reaction 

Ti02 + 2C0 Ti -t- 2C02 
Cp R.H,S.Ti = + i^lAxlO^^T -

29»59 + 7»62X10"'^T -. 8.22x1O^t"^ 

= 11.81 + 7*54X1 - 0.42x1 o^t""^ 
= 13.20 + 2.40x10"^T 

= 25.01 - 9.94S10~^T 

Cp = - 2.32x10""^ - 7»80x10V^ 

H ' = A Ho + 2î 58T - + T.SOxiO^T"""̂  

^ H 298 = - 188.1 + 218 + 52.84 

= 82.740 K.cal.mol.'"'* 

8272^0 = Zi Ho + 4^58x298 - 1 .16x10"\8 .88x10^ + 

82740 = AHO + 1368 - 104 + 2620 

Aho ^ 78656 cal.mol."'^ 

. • . A H = 78656 + 2i^58T - 1 . 1 6 x 1 0 " ^ + 



= ̂  . ̂  - 1.16x10-3 H. dt R 

•AF 298 = -2X94#25 + 22;52.81 + 203.8 

-1 

In Kp 

I 

In Kp 

= 80o9 Kocal̂mol, 

--80900 
~ 1.98x298 

= -13.S 

-7863,6 4»38 In T 
"" RT R R " RS- - 13oS 

Tq-ble IV 
Variation of Kp with Temperature 

TPC iiOO 300 600 700 800 900 1000 

In Kp -58.4 -30.4 -ii4.3 -39o4 -35»4 -32.0 -29.2 j 

Kp 3x10-20 1.2x10""'*̂  1.6x10""'̂^ 

Whence fo Conversion at 10CX)®C = iixlÔ^̂o 

Equilibrium Constant for the Reaction of Carbon, 63typ;en & the Oxides 
of Carbon 

« 

The log equilibrium constants tabulated in Table V have been calculated 

as in the above calculation frcm the specific heat, heats of reaction, and 

free energy tabulated above. 

Then for the Reactions 

C + 02 C02 



InK-D = j j i M ^ I n T , 0,09x10""^^ ^ ^ ^ 

20 + 02 :::::: 200 

i n Kp = ^ ^ W i ^ . 

MD 200 + 02 = 2002 

r3. 
I n Kt. - 1^522 ^ Q>79 I n T 1,41x10 11.02x10-^ ^ . i n rvp - RT R ^ R RT^ 

The l og equi l ibr i iam constant f o r the reac t i on 

(s) ^ °°2(g) = 2C0 
(g) 

have "been ca l cu l a ted from the equat ion 

l u K - " W I O ^ 4o9 l u T ^ 0^00495T ^ 0^031x10''^T^ 
R R 

12,66 
R 

R 

taken from the In te rna t i ona l O r i t i c a l Tables • 

Table V 
V a r i a t i o n of I n Kp 7d.th Temperature 

No, React ion I n K p No, React ion 
200^0 ijOOPO 60000 800^ . 100000 

1 Ti02+20l2 Tij0l4+02 -•44o2 -28,03 -19.27 -13.83 -10/16 
2 C + 02 002 100,7 70,9 54.7 44.5 37 .4 
3 20 + 0;> ^ 200 78,8 60,7 51.1 45.3 39.9 
4 200 + 02 Z^ZZZZ 2002 119.1 74.1 49.7 34.1 23.8 
5 C02 + 02 i ; : : : ^ 200 -23.25 -9o78 -2 ,60 1.90 5.02 



It is theoretically possible for the follomng overall reaction 
to take place 

Ti02 + 2012 + C 

Ti02 + 2012 + 20 

Ti02 + 2012+ 200 

Ti0l4 + 002 

Ti0l4 + 200 

TiCl/^ + 2OO2 

each of -which may be written as two binaiy reactions, e.g* 

Ti02 + 2OI2 

and 0*2 + ^ — ^ CO2 

TiOlK + O2 

K o w K p d ) = P ^ PO2 

CI2 

then Kp(2) £ 0 2 

yr 
thenKp(a) = ffit^^ = x Kp(2) 

^ OI2 

then In Kp(a.) = If̂  Kp ^^^ + In K:p(2) 

(a) 

(b) 

(c) 

(1) 

(2) 

The values of the theoretical equilibrium constants for the overall 

rea.ction are given bela\7 

Table VI 

Variation of Kp with Temperature 

Reaction 
Kp 

Reaction 
200°0 hOO^ 6 0 0 ^ lOOOPr:! 

Ti02+20l2-t0 ~ ^ T i C l 4 + 0 0 2 

Ti02+2Gl2+20 ^ Ti0l4+2C0 

Ti02+20l2+200—1101^+2002 

1.3x10^ 5 Xio''^ 

1.5x10^'^ 6.6x10^^ 

2x10"^^ 

6.6x10^ 

7x10'̂ '̂  

8 X 10''^ 

in evsiy case these values of Kp coirespond to 100^^ conversion® It 

is impossible, therefore, to state from this data which reaction is most 

likely to occ\:ir» 



Appendix IQ 

Sample ca lcu la t ion of the t o t a l t i tanium te t rach lor ide r a t e , the 

instantaneous weigiit of t i tanium dioxide i n the bed, and the mate r i a l s 

"balances on the system f o r Ser ies lb experiments* The ca l cu la t ions are 

ca r r i ed out on the r e s u l t s of Run 

Loss of TiClj^ i n the Tai l Gas 

The loss mf t i tanium te t rach lo r ide leaving the system i n the t a i l gas 

wa^a l cu l a t ed on average values f o r the measured t i tanium t e t r ach lo r ide r a t e , 

a n ^ h e analysis of the t a i l gas. 

Total Y/eight of TiCJl^ co l l ec ted 1603 gm® 

Tfane Run 41 ©5 inin« 

Average TiClji^ Rate 38»9 grn/min. 

Average Tail Gas Analysis f o r GO2 and CO : ijJD̂ b CO2 SCf^O 

Tdiich leads to the reac t ion : 

1.75 Ti02 + CI2 + 2 ,5 c — HP-. 1^75 TiCl4 + 1,5 CO + CO2 

Whence the volime of CO ajnd CO2 ffinaed i s 

X 24 x ^ - ^ = 6.96 1/mija. a t R.T.P. 

Unused chlorine i n t a i l gas - (38»7 = 1 3 gm./min. 

Therefore the volume of Chlorine = 4o41./mino 

Therefore t o t a l Volume of Tai l Gas = 11.36 l/min» 

i n T.G. (assumed from previous Analysis) 2fo 
2 

Y/hence volume of TdUli^ = 11 #36 ^ "" 0.227 1o/min^ 

= 1.8 gm./min. 





Total TiCl), B?oduction Rate 

The total titanium tetrachloride rate is equal to the measured rate 

plus the amount of titanium tetrachloride leaving in the tail gas« The 

values for the total rate were then calculated by adding 1»8 gm<»/min« to 

the measured values as recorded in Table 

In later experiments the amount of Ti Cli,. lost was calculated directly 

fran the analysis and measured rate of flow of the tail gas as shown in 

Appendix III, This gave more accurate values than calculation from the 

measured titanium tetrachloride rate» 

Instantaneous V/t, of TiOp in Bed t 
* 

The rate of removal of titanium tetrachloride from the reactor is 

calculated from the total titanium tetrachloride rate using the molecular 

weights of the two substances® 

Figure A2«1 shows the plot of Ti02 removal rate versus time for the run, 

the figures in the individual areas giving the amount of titaniimi dioxide 

removed from the bed between each measurement of titanium tetrachloride rate. 

The total weight of Ti02 in the bed at any time is then calculated by summation 

of these values and the weight of dioxide in the bed at the end of the run« 

Residue in Reactor 112@2i« Ti02 content 

Therefore Ti02 in reactor at end of rim = 43 gm« 

Whence Ti02 in reactor after 36 min. run = 43+2»5+20»1+17»9 

= 83.3 gmo 



ITater ia ls Balances 

Titanium Dioxide # 

Charge t o "bed = Total charge - mater ia l i n annulus "belo^T gas 

d i s t r i b u t o r 

1100 - 64 = 1036 gm. 

Ti02 i n bed a t s t a r t of c h l o r i n a t i o n 

= 1036 X 76.8 X 0,967 

= 795 m * 

Y/eigJit of TiCl^ co l lec ted = I6O3 gn. 

^7eight of TiCl^ l o s t i n t a i l gas = x 1 ,8 = 74»8 gra. 

Tota l w e i ^ t of TiCli^ produced = 1677»8 gm. 

Equivalent weight of Ti02 = 710 gm. » 

Y/eight of Ti02 i n reac tor r e s idue = 43 gni» 

Weight of Ti02 i n cyclone r e s idue = 8 gm. 

Tota l Y/e i^ t of Ti02 accounted f o r = 76I gnio 

i»e» Percentage of Ti02 i n charge = 96^ 

Carbon 

Carbon i n charge = IO36 x 0,232 = 2i+0 gm., 

Caibon i n r e a c t o r residue = 112 x 0,604 gm,. k 67.5 gni* 

Carbon i n cyclone res idue = 23 x 0,638 gm, = 14*7 gni# 

Carbon removed by r e a c t i o n : 

From average r e a c t i o n 1,75 mol, TiCl^ fonned removed 2 ,5 mol, 

of carbon, 

m e n c e f o r I678 gra, of TiCl4 feigned ^ ^ ^^ ^ ^^^ ^ 
190 1,75 

of carbon a re removed. 

Therefore carbon accounted f o r a t end of ch lo r ina t ion = 

15i+67o5+1W = 233.2 gm, 

i . e , 97^ of carbon i n the chai^e^ 



Chlorine 

Calcula ted on Gas Sample (Table 8 .8) 

C I 2 002^.1^0, 00 3O.2/0 

Measured TiCli,, r a t e - 47*5 gni»/rain« 

React ion oocuring (from gas ana lys i s ) 

1.62 Ti02 + CI2 + 2 .24 C 1.62 TaTlli^ + 1 .24 CO + CO2 

vfhence volume of CO and CO2 foiraed 

= 47a5 x = 8 . 3 U M n . a t R.T.P. 

volume of ch lo r i ne = 8«3 x "^q^ = O^S? 1 . /min . 

whence volume of t a i l gas = 9»17 1. /min. 

and TiCllj^ i n the t a i l gas = 1.42 gnio/min. 

Reca lcula t ion on the Tota l TiCl/^ r a t e 

volume of ch lor ine = 0.91»/min. 

= 2.7 gni./min. 

t o t a l ch lo r ine leaving the reac tor 

= 4 8 . 9 X + 2 . 7 = 3%7 g m o / m i n . 

Shlo i lne accounted f o r = x 100 = 

In l a t e r experiments the weight of chlor ine leaving the system was 
a s 

ca l cu l a t ed from the ana lys i s and r a t e of flow of the t a i l gas/shown 

i n Appendix I I I# 



A-ppenaix III 
Calculation of Tail Gas Rates and Chlorine Materials Balances 
The chemical analysis and flow rate of the gas leaving the liquid 

separation system were deteiTnined at three points during each run® The 
weights of titanium tetrachloride and chlorine in the exit gas were 
calculated from these analysis and flow rate measur^ients. 

In this calculation the analysis "by volume was first converted to 
analysis by weight using the specific gravities of each component, and 
the flow rate determined in c.f.m, of air was converted to weight flow 
in grams of gas flowing per minute using the follo\7ing equation 

Tail Oas Rate = Q x 3¥)5 x f ̂  gmo/min. 
where Q = equivalent c.f.m. of air (read from chart) 

f= calculated specific gravity of Tail Gas relative to air 

specific gravities relative to air 

Cl2 = : 2o 

CO2 = = 1.329 
CO = = 0^967 
N2 = = 0.967 

TiCl^ = = 6.66 

The material "balance on chlorine for each gas sample taken wa.s then 
calculated from the rate of condensation of titanium tetrachloride, weight 
by weight analysis of the tail gas and the tail gas rate. 

An exam-ple of this calculation is shovm below in Sample I of Run lllo II 



Component CI2 TiCl4 CO2 CO N2 

% "by vol. 13.4 1^2 13.7 12.2 39.3 

X S,G. 33.4 8.0 21.0 11.8 = 123^8 

% hy wt. 27^0 6.46 17o0 9.3 46.3 

Specific gravity = 123.8/100 = 1o238 

s 
9 S 

Flow Rate 

Equivalent ajlr rate determined from "Flow Rat©®*' = 0.433 Cof.m, 

Tail Gas Rate = 0«433 x 34.05 x 1.238i 

= 16^5 gm«/min, 

TiClij. in Tail Gas = iSo^ x O.O646 = 1.07 gm,/mino 

Chlorine in Tail Gas = x 0»27 = gmo/min,> 

Chlorine Balances 

Chlorine feed rate = 17*73 gtn./min̂  

TiCl̂ ^ condensation rate = 17»0 0n./min» 

TiCljiĵ  tail gas rate = i >07 gm»/min. 
13.07 ©Utt/min. 

Chlorine equivalent = 13«3 gm»/min. 

Chlorine in tail gas = 4o4 g!m./min. 

Total chlorine activated =17*9 gm./min. 

Jo Chlorine Balance = IJq,?, _ 
17o73 

101^ 
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Appendix IV 
Calculation of Heat Losses from the Reaction Bed 

Using the reaction temperature (900̂ ) as the datum temperature heat is 
lost from the reaction "bed to the surroundings "by conduction through the walls 
and bottom of the reactor in contact with the bed, and by radiation from the 
top of the bed to the top inside surfaces of the reactor. 

C#n€Luetion Losses The teinperature of the inside walls of the reactor is 
uniform within the bed at 900^ which for a bed L/D ratio of 5:1 and an expanded 
bed volume of 0.5 ftj requiring a ̂ aft diameter of 0.5 ft. gives a depth of 
2.5 ft. Above the surface of the bed the wall temperature will decrease with 
increase in distance from the bed. For simplicity of calculation it will be 
assumed ttrnt heat is lost from the entire length of the shaft at a wall 
temperature of 900^. 

The heat loss through the wall is given by the equation 
AT 

Q 

V/here 
Q 3 Total heat transferred BtVhr® 
AT s= Temperature gradient. Reaction temp. 900̂ 0 - ambient ten̂ ). 27OC0 
ĥ  = Heat transfere coefficient between bed and shaft, 
k-j = Thermal conductivity of silica brick 0»76Btu/hr/ft^/^/fU 
k2 = Thermal conductivity of fliatomaceous earth OoOJli/Btv/hr/ft̂ /̂ /ft̂  
A^ s= Area of inner surface of the shaft ft2 
A2 = Log mean area of Silica Brick 2.26 ft̂ /ft* run 
A^ = " " " " " " 2̂ .08 " " 

= Area of external surface of the lagging 5»2 ft^/fU 
a Thickness of the silica bidck 0.25 ft. 

Ig =s Thickness of lagging 0.33 ft. 



h^+hp = Combined conveGtion and î diation coefficient 
3 Btij/hr/ft?/^ 

The resistance due to the mild steel shell and to the heat transfere betv/een the 
bed and the shaft may be neglected as each are small compared with the other 
resistances encountered. 

Prom the above equation the total heat loss from the shaft wall is 
i{B80 Btu/fir. 

^he heat loss from the bottom of the bed is reduced to a minimum as the 
heat flow in this direction is largely absorbed in heating the cold feed® 
Assuming the effective area for heat loss allof-Ting for comer correction is a 
circle of radius from the centre line to the middle of the wall, this heat loss 
was calculated at 180 BtivW. 

Radiation Loss Heat is lost from the top of the bed by radiation to the top 
and sides of the disengagiiig section of the reactor̂  The amount of heat lost 
in this way is dependant on the temperature of these surfaces, which are heated 
by the gas leaving the "bed and by radiation from the bed itself, the actual 
tempeirature achieved depending on the balance of heat supplied from these 
Gources and heat loss through the walls* 

The maximum heat available from the gas by convection and radiation is the 
sensible heat bet̂ veen 900^ and the wall temperatirre. Assuming that the gas 
left the reactor at 100°0 above the wall tempemture the sensible heat atpplied 
at various wall temperatures were calctilated, to which values were added the 
heat supplied by radiation as calculated from the equation 

Q = 0.173 (P\oo) ( ioo) A P 



Y/here 
Q = Heat transfearred Btu/hr« 
T̂  = Bed ten̂ ratxire ^ 

Tg = Y/all temperat\are ^ 
A = Surface area of the bed ft, 
F = Shape factor determined at approximately 0^3 

The l.eat loss through the v/alls and topcf the reactor ¥/ere then calculated as 
above for the shaft from a plot of heat supplied and heat loss versus the mil 
temperature the intersection of these curves gave an approximate wall temperature 
of 700^* For this temperature the radiation loss from the surface of the bed 
was calculated to be 1200 Btu/hr» 

Therefore the total heat loss from the bed 
= 2f880 + 120 + 1200 = 6200 Bt^hr. 

This heat loss is equivalent to the loss from the shaft only of a reactor 
with aji I/D ratio of 10:1 and other points on the heat loss curve of 
Figure 14.5 have been determined using this approximation. 



BIBÎ EOGE.AP'rTY' 

( 1 ) Dumas, J . B . A , : M . Chem. Phys. (2) 32 386 1826 

Wohler : Pogg. -Ann. 1_1_ 148 1827 

P i e r c e , J . : Ann, Chem. Phys. ^ 21 1847 

Merz, V. : J . Praict. Chem. 99 162 »66 

Demarcay : E . Comp. Rend. 1_04 111 * 8? 

(2) Watt & B e l l i J . Chem. Soc. 33 H 2 '78 

( 3 ) Pamfilov and Shtandel : J , App. Chem. U.S.S .R. 9 1770 '36 

( 4 ) Pamfilov and Chikker : J . Gen. Chem. U.S.S .R. 7 2760 '36 

(5) McTaggart, P.K. : J . C . S . I . R . Aust . ^ 3 »45 

(6) Patent Ger. 531400 C/- I . G . Paben C.A. ^ 5521 '31 

(7) Patent Muskat & Taylor : U.S. 2 , 184884 

(8) Kangro and Jahn : Z. Anorg. W. Allgem. Chem. 21_0 325 "33 

(9) Patent S^klatfewalla U.S. 1 845, 342 B r i t . C.A. 1932 B. 1029 

(10) Patent Barton, L .E. : U.S. 1,179>394 C.A. 10 1584 'I6 

( 1 1 ) P a m f i l o v , Khudyakov & Shtandel : J , P r a k t . Chem. 
U.S.S.R. 1Ji2 232 '35 
C.A. 29 5762 '35 

(12) Patent B r a l l i e r : U.S. 2,401,543 C.A. 5214 

(13) " " U.S. 2,401 ,544 " " " 

( 1 4 ) Patent Belchetz : U.S. 2,486,912 

( 1 5 ) P r i v a t e ccinmunicationj Professor J . P . Baxter 

(16) F . I . A . T . Report No. 774 

( 1 8 ) Patent Donaldson : U.S. :.2120 602. C.A. 32 6015 

( 1 9 ) Patent Pr^nch : 81750 C.A. 32 2053 '38 

(20) Patent Muskat 2nd Taj^or : U.S. 2,245,076 

(21) Patent Muskat and Taylor: U.S. 2,184,885 C.A. ^ 2776 '40 



(22) Patent Muskat and Taylor : U.S. 2,245,077 

(23) Patent Pech\ikas : U.S. 2,306,618 C.A. J? 3235 

Cleveland : British 550750 

(24) Patent Kraus Patent U.S. 2,2146,181 

(25) Chauvinet Camp. Rend. 152 87 M1 C.A. 5 1036 Ml 

(26) Renz. C.J. Chem. Soc. 1096 A 173 

(27) 0r|hkin : Contribution to the Study of the Mineral 
Resources of the U.S.S.R. 1926 
No. 5614 C.A. 21 2053 '27 

(28) Stabler A. : J. Chem. Soc. 1905 A 595 

(29) VerKhalovskii J. App. Chem. U.S.S.H. 1J. 12 '38 
C.A._52 4804 »38 

(30) Patent Favre G.A. : French 800 688 C.A. ^ 8541 *36 
Brit. 458, 892 

(31) Vigoroux and Arrivant : Bull. Soc. Chiin. I 19 *07 
C.A. ± 824 '07 

de Cart. Atti. Congr. Vaz. Chim. Peux. Applicats. 

1923 339 C.A. 18 2849 '24 

(32) Walt. Knoll Ger. 726429 C.A. 33 6418 

(33) Patent Remsettsr and Kogler : G-er. 628953 C.A. 30 

(34) Patent F.J. Cleveland: Brit. 548145 

(35) Van der Pfordten Ann. 240 (l841 ) 

(36) Bertrand, A. : Bull. Soc. Chim. ^ 565 (I88O) 

Wagner, R.F. Ber.^1 960 8̂8 

Rose, H. Ann. ¥2 240 1 841 

Billy, M. Ann. Chem. Pshys. I6 5 '21 

(Prom McTaggart, J. : C.S.I.R. 18 No. 1 15 '45) 

(37) Jenness and Anniss U.S. 2. 230 538 C.A. 35 3400 '41 

(38) Patent Pechukas : U.S. 2224061 C.A. .35 1949 '41 
U.S. 2289327 C.A. 37 237 '43 

. (39) Patent de Witt : U.S. 2,370, 525 C.A. ^ 3132 '45 



(40) Patent flyers : U.S. 2412 349 C.A, ^^ 1072 '47 

(41) Batent Meister : U.S. 23hU, 319 C.A. ^ 3428 *44 

(42) Patent Meister : U.S. 2,416, 191 C.A. 2343 '47 

(43) Stoddard and Peitz : U.S. Bureau of Mines 
H.I. 415* B. Nov. 1947 

(44 ) Glasstone, Laidler and I^yring "Theory of Rate Processes" 
Moaraw Hil l 1941 

(45) Godnev and Pamfilov : J. Gen. Chein» U.S.S.R. 2 
No,8 1264 '37 

(46) Roberts L.S.J, and Anderson J.S. Reviews of Pure and 
applied chemistrj- ^ 1-23 '32 

(47) Gamer W.E, J . Chem. Soc. 1239 (1947) 

(liB) Gadsby J , Henshelwood C.N. and Sykes K.W. Proc. Roya .̂ Soc^ 

187 A 129-131 '46 

(49) Stansfield A. ; Trans. Am. Electrochem, Soc, ^ 2 1 7 '27 

(30) Leva, et a l ia "Fluid Flcwthroush Packed and Fliiidized Systems" 

Bureau of Minds B\ill. *304 

( 3 1 ) Matheson Herbst and Hold : I.E.C. 6099 '49 

(32) Morse and Ballou C.E.P. IJ^ 199 '31 (33) Leva Gruramer, Weirtraub, Sallchick C.E.P. ^ 7 311 '46 



r 

>006940285 



Wmmm 


	Title Page : THE PRODUCTION OF ANHYDROUS METAL CHLORIDES IN FLUIDIZED BEDS
	TABLE OF CONTENTS
	ABSTRACT

	CHAPTER I: Introduction
	CHAPTER II: Survey of the Literature of Titanium Tetrachloride
	CHAPTER III: Discussion of the Literature Relating to the Mechanism of the Reaction
	CHAPTER IV: The Fluidization of Solids
	CHAPTER V: The Propiramme of the Experimental Investipjation
	CHAPTER VI: Preliminary Fluidization Experiments
	CHAPTER VII: The Development & Description of the Apparatus
	CHAPTER VIII: Analytical Methods & their Development
	CHAPTER IX: Experiments to Check the Operation of the Apparatus and the Feasability of the Fluid Bed Chlorination
	CHAPTER X: The Effect of Variation of Bed Depth and Chlorine Feed Rate on Reactor Operation
	CHAPTER XI: The Variation of the Reaction Rate with Change of Temperature
	CHAPTER XII: Study of the Mechanism of the Chlorination of Rutile in the Presence of Carbon
	CHAPTER XIII: Discussion of the Reaction Mechanism of the Fluid Bed Chlorination of Rutile in the Presence of Carbon
	CHAPTER XIV: Discussion of the Optimum Conditions for the Fluid Bed Chlorination of Rutile
	APPENDICES
	BIBLEOGRAPHY



