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ABSTRACT

The reactibn between flotated fluérspar and concentrated
sulfuric acid was invesfigated in a batch and a continuous
reactor system.

Conversion-time data were obtained with the batch
reactor in the range of 250 - 350°F.

Two series of runs were conduéteé in the continuous
reactor. The first,varying temperature (300 - 450°F) and
the acid:spar ratio (0.95 - 1.05) and the second, a 24_1
fractional factorial design of experiments, varying
temperature (370 and 45003), mixing spéed (15.8 and 25
r.p.m.),'calcium carbonate content of the fluorspar (3.5 and
7.14 % by wt.) .and the fineness of the fluorspar (2 levels).

By means of statistical énalYéis of the data, it was
shown that three rate models provide a satisfactory fit.

The results indicated that the reaction is diffusion
controlled (activation energy 16,000 Btu/lb.mole), and
that the reactivity of the spar is appreciably enhanced by
an‘increase in the calcium carbonate content. No appreciable
change in the reactivity was detected with a change in
the fluorspar fineness. The mixing speed seems to enﬁapce
the reaction at 25 r.p.m. levels .only when the calcium

carbonate of the fluorspar is 3.5 % by wt.

ii.
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I INTRODUCTION

Hydrofluoric acid was broduced for the first time
about 200 years ago by the treatment of fluorspar (calcium
‘fluoride ) with concentrated sulfuric acid according to
the endothermic reaction

CaF, + H,80, ———» Caso, ':+ 2HF g (i—l)

Industrial manufacture of HF began in 1931 and HF
has since become an important chemical product. Some of
its uses are ip the manufacture of fluorinated hydrocarbons
(freons), in the m;nufacture of flurocarbons and their
polymers (Teflénlor Kel~F), as a catalyst and reaction

medium for the alkylation of olefins, etc. However, the

main use for HF is in the manufacture of cryolite (Na AlF6),

3
which is used as electrolyte in the manufacture of
aluminum, |

Hydrofluoric acid is largely produced by contacting
fluorspar with concentrated sulfuric acid (93-98% by weight)
in heated, stationary or rotary, ;teel reactors 50-60
feet long in which the HF and Casoa.are produced and

removed continuously. In stationary reactors mixing is

accomplished with internal paddles.
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Crude fluorspar varies in its calcium fluoride content
from 50 to 90% ,and after grinding to the desired fineness,
must be passed through a flotation process to remove
undesirable impurities. The chief impurities remaining in the

flotated spar are silica (Si02) and calcite (caco,) in

3)
concentrations of 1 - 3 % and 1 - 5% respectively and
lead to the side reactions.

Si02(s)+ 4HF(g)——a~SiF4(g) + 2H20(l,g) (I-2)

Caco3(s) + H so4(1)——> Caso, (s) +FH20(1,g) (1-3)

2

+ C02(g)
The two reactions, of course, feduce the yield of HF as
well as éause'contamination of the gaseous stream.
The chief difficulties with this method of HF
manufacture are:
(1) poor mixing of the reactants upon initial contac£

(2) high corrosion of the reactor walls and mixing
paddles

(3) inefficient heat transfer through the reactor
walls due to deposition of scale.

Many attempts have been made to enhance the mixing
and heat transfer and .to reduce the corrosion of the

reactor. While they arerot disussed here one may refer
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to the patents in the Bibliography for details.

The present state of the art of hydrogen fluoride
production from fluorspar and sulfuric acid is largely
based upon gqualitative and often conflicting evidence.

No data are available on the effects of temperature, mixing
rate, and fluorspar impurities on the reaction.

Lump formation within the reactor has been observed
to affect the HF production to a significant degfee
(refer to patents in Bibliography). Studies of the
reaction under batch conditions undertaken thus far (24,26)
do not account for this lump formation due to the small
quantities of reactants used iﬁ those studies.

The scope of this study was to estiﬁate the effect of

(a) temperature |

() mixing speed

(c¢) moles of acig per mole of CaF, added

(d) fineness of the fluorspar

(e) caco_, content of the spar

3

on the reaction, by carrying out experimentation using

'

a stirred, continuously fed reactor, under isothermal
!
conditions. The data of the continuous reactor were

augmented by carrying out additional experimentation in
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a batch reactor also maintained at isbthermal conditions.

Ssufficient quantities of reactants were added to the
batch reactor so as to make lump formation possible.
The approach was to obtain batch conversion-time
data and analyse this data with the aim of obtaining a
suitable rate model. The rate model found to suitably
correlate the batch data was then to be used to analyse
the continuous reactor data in order to determine the
apparent rate constants for each run,to determine the
effects of temperature, mixing rate, spar fineness and

the CaCO3 content of the fluorspar.
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II.” LITERATURE SURVEY

As indicated in the previous chapter, the major
reaction that occurs upon contacting fluorspar with

sulfuric acid is

CaF, + H,S0, —> CaSO, + 2@ : (T1-1)

Several side reactions that occur simultaneously are

CaCO; + HyS0) —> CaSOy + CO, + H,0 (T1-2)

- sio, + JHF —> sib4 + 2H20' (11-3)

These reactions are due to impurities present in the
flotated fluorspar.
Traube and Reubke (32) found that an additional

reaction can occur in the mix according to the equation

FSOLH + Hy0 (T1-%4)

—
HF + H,S0, g
Data on the reaction kinetics of reaction (II-1),
(I11-2) and (II-3) are scarce.

(26) obtained batch data in the

Puxley and Woods
temperature range 125—250°C, using a platinum crucible
while stirring the mix with a platinum bar. Howéver,

their data suffer Dbecause of a .lack of temperature

control. They also encountered difficulties in mixing
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the reaction mass.
Rowe (27) in 1955, analysed thé.data of Puxley and
Woods and hypothesized a possible kinetic model of the

form

< v v
2 l 2
RA=1—‘/§Tr— J exp [-—'és_]ds
fo) .

(11-5)

s =

-1

JF?T_—(a + btn)
where RA.represents the rate of disappearance of the
acid or spar on & molar basis, and a, b and n are
pParameters. Rowe was inclined to believe that the
diffusion of H2SO4 to the reacting interface controls the
reaction rate. Howevef, he stressed that the eguation
was identical for the case where diffusion of HF away
from the reacting interface is the controlling step.

More recently Ostrovskii and Amirova (24) conducted
batch experiments on the fluorspar-sulfuric acid reaction
by suspending a platinum dish in a steel tube furnace.
The furnace temperature was maintained at ¥ 2OC of the
desired temperature. Dry air was passed through the

tube at a rate of 5 litres per hour. The extent of

reaction was determined by following weight loss with
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time. They used 99.2% sulfuric acid and fluorspar of
98% purity. The temperatufe range in their investigation
was 85 - 145°Cc. Ostrovskii and Amirova concluded that
in this temperature range, the rate of disappearance of
CaF, is controlled by the chemicgl reaction at the

2

unreacted core surface. They fitted their data to the

model
(1-x) 2B X (11-7)
' R )
P

Where Xy is the fractional degree of conversion; t is

the reaction time (min.); k is the rate constant
(em/min. ); Rp is the original diameter of the reacting
particle (ecm). If the particle size of the fluorspar
is maintained constant equation (II-7) reduces to the
form

(1 - xB)_2/3- 1= k't (11-8)

1 R
where kX~ is the apparent rate constant (min. l).
Equation (II-7) was derived from the pseudo steady-

state unreacted shrinking core model to be discussed in

Chapter II.. Ostrovskii and Amirova found that
k1 = T7.75 X lO10 exp [— 20800] (min.—l) in the range
RT
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of 85 - 105°C and k* = 1.38 x 10" exp - 22%° (min.”)

in the range of 105-145°c. . Differences.inmthgT values
of the activation energy were attributed to the 1ack of
formation of FSOBH above 100°C

Blumberg (4) and Blumberg and Starvinou

(5)

as well

as Palmer,(25) in carrying out various experimental
studies of the reaction of silica particles with agueous
solutions of hydrofluoric acid, concluded that the reaction
may be restricted by any diffusion process and can be
described by éhe tate model

R, = k_ exp lzf.ég] S[HF].V ' (11-9)

A o RT
where S is the exposed area of the solids, ko the
frequency factor and [HF] the concentration of HF in the
reacting solution.

Unfortunately, information on the silica reaction for
the fluorspar—-acid system is limited to qualitative
speculation. Gnyra and Whicher (16) in a qualitative
experimental study observed that the state of primary
mix was an iﬁportant.criterion for the silica reaction.
The longer the initial mix remains wet the greater was

the extent of conversion of the silica.
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Gnyra (15) carried out a qualitative study on the

effects of the CaCO3 content in the fluorspar. He

observed an enhancement of acid penetration into the

. . ] 21
spar with increased CaCO3 content. Menard and Whlcher( )
in a semiqualitative study found that CaCO_ enhances the

3

setting rate of the reaction mass thﬁs impedes further
mixing of the reactants.

Traube and Lange (31) report a study on the effects of
temperature on the evolution of hydrogen fluoride from
the equimolar mixtures of 98% H,80, and 99.7% fluorspar.
They foﬁnd that after one hour_of contact time at 6OOC
approximgtely,l2% of the HF generated reacted with H,S0),
to produce FSO_H. For identical contact times the

3

amount of FSO_H formation decreased to 7% at 80°C and to

3
. (o)
nil at 100°C.

Traube and Lange further point out that FSO3H
formation is detrimental to the reaction of the spar
with the acid since the monobasic fluosulfonic acid takes
the place of the dibasic more reactive sulfuric acid,

thus retards the progress of the reaction.
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III. THEORY

A. General

In spite of the unquestionable importance of solid-fluid
reactions relatively few studies have been made on the
chemical kinetics and transfer rates of mass and energy in
heterogeneous non-catalytic systems. This is partially due
to the intricate relationships among the rates of chemical
reaction and the rates of mass and energy fransfer. Even in
an_isothe;mal reaction system the overall reaction rates
are’influeﬁced not only by the rate of chemical reaction
occuring in or at the surface of the solid, ~by
the mass transfer rates of fluiés through the solid and
across the fluid-~film surrounding the soiid, but also by
factors such as solid reactivity, crystallite orientation,
crystallite size, surface characteristics, impurities, etc.

A typical solid-fluid reaction may be considered to.
occur through the following steps: (1) diffusion of the
fluid reactants across the fluid»film surrounding the solid,
(2) daiffusion of the fluid reactants tﬁrough a porous
layer, (3) adsorptién of the fluid re%ctants at the solia
reactant surface, (4) chemical reactioﬁ‘with the solid

surface, (5) desorption of the fluid products from the

10 : i
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11

solid reaction surface, and (6) diffusion of the product
away from the reaction surface £ﬁrough the solid porous
media and through the fluid film surrounding the solid.
In some particular systems the steps may be somewhat altered.
Since these steps occur consecﬁtively, if any one of them
is much slower than the others that step becomes the
controlling or rate-determining step. However, the majority
of solid-fluid reactions are apparently influenced simul-
taneously by more than one step.

A rigorous treatment of the phenomenon seems unattain-
able even for the solid of simplest geometry. Besides, a
great number of difficulties exist in practical systems,
such as the changing size and shape of the solids‘during
the reaction and formation of product afound the solid

reactant which may crack or ablate.

B Classification gf Solid-Fluid Reactions

1. Classification Based on the Phases in Which Various
Species Appear

Noncatalytic f£fluid-solid reactions may be characterized
by one of the following schemes:
solid reactants ———p  £fluid products (a)

solid reactants ——————Pp fluid and solid
products (B)
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fluid and solid ——————P  fluid products (c)
reactants

fluid and solid ————  solid products (D)
reactants

fluid and solid ————Pp fluid and solid
reactants products (E)

Examples of each type of reaction may readily be found
in industry.(34) The reaction of sulfuric acid with

fluorspar is of type E.

2. Classification According to the Manner by Which
the Reaction Progresses.

Heterogeneoug noncatalytic fluid solid reactions may
also be classified by the manner by which the chemical
reaction occurrs, the internal structure of the solid, the
geometry, and the relative velocities of chemicai feactions
and diffusion of the reactants and products are four of the‘
many possible parameters that may be considered in following
the manner of occurrence.

a. Heterogeneous reactions. When the porosity

of the unreacted solid is so small as to make it
impervious to the fluid reéctants, the réaction will occur
at the surface of the solid or at the interface between the
unreacted solid and the porous product layer. Also, when

the chemical reaction is very rapid and the diffusion
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sufficiently slow, the zone of reaction is narrowly confined
to the interface between the unreacted solid reactant and

the product.

b. Homogeneous reactions. In many cases the

solid contains enough voidage to allow free passage of the
fluid reactants and products, and the solid reactants are
distributed homogeneously througﬂout the solid phase. In

this case one can reasonably consider that the reaction
between £luid and sélid-phases occurs homogeneously throughout
the solid phase. This case has been treated thoroughly by

Wen (34). . |

c. Reactions accompanying phase changes of solid

components or evolution of volatiles. In some cases, prior

to the chemical reaction the solid changes phase because

of poor heat conduction in an exothermic reaction. The
solid may melt or sublime prior to or during contact with
the fluid. In such cases a homogeneous vapor phase reaction
takes place either on the outside of the solid oxr in the
solid product layer formed around the unreacted solid.

3. Order of Solid-Fluid Reactions

Consider the following isothermal equimolal non-

catalytic reaction:

‘A(fluid) + B(solid) —> Fluid and/or solid product (III-1)
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If diffusion r;tés through the f£fluid-film and porous solid
layer are very fast the overall rate of solid-fluid reaction
is solely determined by the inherent chemical reactivity
of the so0lid and fluid reactants. In the case of a gaseous
fluid one éan also guantitatively describe the mechanism
on the basis of the Langmuir adsorption isotherm (31).
waeyer.the resulting eqguations involve more then two
arbitrary constants and often as'many as seven (34).‘ The
resulting equations, although desirable from a theoretical
viéwpoint, are in practice difficult to handle.

Provided no extrapolation beyond the range. investigated
is allowed, and the surface phenonenon controls the rate of
the solid-fluid reaction one may often use an n™ order rate
model to f£it the data. Based onAadsorption isotherms the
order may vary from zero to two'depending on whether the gas
reactant is strongly or weakly adsorbed (341 Experimental
studies indicate many gas solid reactions to have this
range of order of reactions, depending on conditions such
(34)

as reactant activity, pressure, temperature adctivity, etc.

Thus the rate of reaction of fluid component A, r_  and

A
for solid reactant S, ry can be represented as
mn m_n
X = = - = - -
A = afg ak CoCp ak _CgCp (11I-2)
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where a is the- stoichiometric coefficient (the number of
moles of fluid component A that will react with 1 mole of
solid reactant S, and m and n are the order of reaction
with respect to solid reactant S and fluid reactant A
respectively. Depending upon particular conditions the
rate may be expressed in terms of surface area or volume.

The units of rA or r_ depend on the rate expression, namely,

S

if ks is ﬁsed the rate is in moles per unit area per unit
time, whereas if kV is used the rate is in moles per unit
volume per unit time.
In many instances the concentration of solid reactant
may be considered constant so that the reaction rate expression

reduces to

!
r =k C

s sCa (T11-3)

where k; = k_C
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C. Unreacted-Core Shrinking Model

" Consider the case where a fluid reacts with the solid
producing a fluid and a porous solid product or an ash layer
according to equation (III-1). The porous product shall
hitherto be referred to as the ash 1a§er. The unreacted
so0lid is impervious to fluid A because it is densely packed
but the porous product allows fluid A to diffuse in, and
the fluid product to diffuse out.

Consider a spherical particle having an initial radius
R beiné reacted by A. 1Initially the reaction occurs on the
outside surface of the particle but as the reaction proceeds
the reacﬁion surface will withdraw into the interior of fhe
solid phase. The external radius is considered to remain
fhe same. This assumes that no deformation of the ash
layer occurs and that the bulk density of the ash is the
same as that of the solid reactant. The fluid reactént A
mast first move through various layers'of resistance prior
to reaching the unreacted core. Figure III.l illustrates
the resistanées as well as the concentration profile within
the particle. Refering to Figure III.1l CAo’ CAS, and

CAc are designated as the fluid reactant concentrations in
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Figure III.l, Schematic Diagram of Concentration

Profile for the Unreacted-Core Shrinking

Model.
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the bulk stream, at the particle surface, énd at the surface
of the core, respectively Rp, r'c and r are radii of the
particle, of the unreacted core and ét any point in the ash
layer respectively.

A fundamental equation relating the material balance of

component A may be written as

< 9 - 5 9°C, L 2 ‘-a_cé )y
—_— = oA 5 — (TTI-4)
ot dr r dr

Rp>r >rc

The boundary conditions for the spherical particles
are:

at the solid particle surface Rp

aC
D “a _ _
eh ( ) ka (Cao = Cas)
or
R
jo

at the moving interface, T

' oC, _ _
Den <—'—) = aks G , (II1-5)
or r, .

and D <BCA> = a Cgq (Brc>
eA
or r, ot

where kmA is the mass transfer coefficient of component A

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



' 19
from the bulk of the fluid phase to the solid surface across
the f£ilm, and CSo is the solid reactant concentration in the
unreacted core which is assumed constant, € is the voidage
of fhe porous layer of the particle and DeA is the effective
diffusivity coefficient of the fluid reactant in the ash
layer at t = O, r,= Rp'

The reaction at the solid surface is assumed to be
first order with respect to the fluid reactant A and zero
order with respect to the solid reactant.

Analytical solutions to eguation (iII—M) using £he
boundary conditions of equation (III—5)are'difficult except

(34)

in a few special cases It is customary to let

e(aC

) = o and obtain an approximate .solution. This

A/dt

technique is known as the pseudo steady‘state solution and
is reasonably accurate in most solid-gas reaction systems
except for systems at extremely high pressures and very
low solid reactant concentrations. However, for solid-

liquid systems the error involved becomes excessive unless

(3,34)

the liquid reactant concentration is very low

If we let aCA/at

.= 0 in equation (III-}4) it becomes
i
3c, 2 oc, e
= +  — B : -
0=D, 5 R>r >r_ (I11-6)
or r or

and using the boundary conditions the solution is readily

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



, 20

obtained to yield a concentration profile:

1l + DeA > o ‘3;
CA aks rc r. ,
= = (III-7)
c
Ao
1
b Pea )._ - (1- _’3@@_._>__
k R R
mA P P

The time required for the particle to reduce the unreacted

core from Rp to r. is given by

a R Cq {: 1
t = —_— 1 -~
< Ka DeA><
. o «
1 r . R r
2(em)e 2 (- 3] e
aks Rp : 2DeA : Rp

If one wishes to reduce these equations to the usual

reaction rate form,one considers the number of moles of A

disappearing per unlt time, M which can be expressed as

A,
2
M, = Yo Rp NA = Ugx NA’ n= 4TrrcNAc
|
and . g
1 1 o1 [1 1}
M_ = UyC + +. — - — | (1I11-9)
A Ao 2 :
. RlzokmA rc a ks | EEA rc Rp

In order for the fluid to react at- the surface of the
’ |

|
i
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core it must diffuse through the film and ash layer to the
reacting surface. The threg tefﬁs in the denominator of
equation (III -~ Q) represenf the thrée resistances in series
for the reaction consideredﬂ

If the fluid-film resistance is much greater than that
of the ash diffusion and surface reaction it is said to be

a film resistance controlled phenonenon and equation (III - 9)

reduces to

dr ak c R 2 ’ :
- —¢ o __m Ao (-—P > (T1I - 10)
at _CSo r

When ash diffusion controls then

- dar, o 2 Doa Cao 1
ot o r 1 - (11I-11)

rc
So (o] -R—
P
When chemical reaction controls
drc a ks CAo
- — = @ ———— (III-12)
dt CSo

In terms of the fractional conversion of B.

E.E T 23] '
| c r 3 (I1I-13)
= 1 3___ = l—(j) '
X, = - 13 ; n
' — 7 R P
L 3 P J
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’

equations (III-10)(III-11) and (III-12) may be expressed as

follows:
ax 3a km, C
—£ = A A0 (ITI-14)
dat C

for film diffusion controlling

' 1/3
dx _ 3aD_, C 1 - xB) (111-15)

at C. R_ 1- (l—xB)l/3

for ash diffusion controlling, and

dx 3a k_ C 2/3
B = Z_S A (1 - xp) (III-16)
at c. R

So p

when chemical reaction controls.

The above derivations are based on a system where the
concentration of the fluid reactant is constant. In some
instances this reactant concentration decreases in proportion

to the degree of conversion of the solid reactant. Or

4
Cy = Cg4 (a - axB) | | (ITI-17)

4

20 7/ Cso (I1I-18)

and A = C

! ' e . ,
where CSo is now the initial so0lid concentration on a
fluid concentration basis (moles of solid reactant initially

present per volume of fluid), and C;o is the initial fluid
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reactant concentration.
Applying equation (III-17) to eqguations (III-14),

(111-15) and (III-16) one obtains

dx 3ak C. . (a- ax))  (111-19)

when film diffusion is controlling,

/ - - 1/3
ax, 3aD_,Cg, (A axB) (1 xB) (111-20)
2 1/3
- dat Cso RP L- (1~ xp)
for the case where ash diffusion is controlling, and
/ : 1/3
axy 3a k Cqg (a - axj) (1 xz)
2 (111-21
at CooRp ( )

for a chemical reaction controlled reaction.

D. Temperature Effects

The Boltzmann law describing the enerqy distribution of
molecules in a substance establishes the character of the
relationship between the rate of a physical or a chemical

process and temperature.

—Ei/kT

Ny = e - (111-22)

1

Nz

where N is the total number of molecules, Ni is the number

of molecules with energy Ei’ k is the Boltzmann constant and
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Z is the distribution function.

The form of the equation forbthe distribution of the
molecules in terms of energy!will depend on the form of the
problem, butt the distribution will alwéys take the form

~O/RT (9)

containing the Boltzmann factor Accordingly,

the constant for the reaction rate involving solids is

1

expressed by

K = Ag'Q/RT | (111-23) |
in which the value of A and Q will depend on the limiting
process of the reaqtion.

'If the process is limited by the chemical reaction
itself, the pre-exponential multiplier A is equal to pZ_,
P being the probability or steric factor'and Zo the.number of
binary encounters between réacting particles; Q is the energy
of activation of the chemical action and it depends on the
bond forces between the particles of each of the original
species and the repulsive forces between the épproaching
particles (for heterogeneous processes which include
reactions in the crystalliné mixtures Q ié the apparent
energy of activation).’

In a process limited by the diffusion of a species, the
velocity of reaction is determined by the value of the
diffusion coefficient which may often be expressed in the

form
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n = ae” VRT o (I11-2%)
where A now depends on the frequenc§ of oscillations of the
diffusing species and Q is the energy of motion of the
diffusing species.

In any case, the greater the value of Q, the activation
energy, the greater the change in the process rate with
changes in temperature. In diffusion controlled processes,
the activation energy will be relatively low yielding
velpcity changes of 10-40% with temperature changes of 10°C.
When the érocess is limited by the chemical step the activation

energies will be relatively high and a 10°C rise in température

will increase the velocity by 2-4 times or mére(g).

E. The Abyss

To reiterate, the shrinking core model is a reasonable
description of the phenomenon when a fluid reactant reacts
with an impervious spherical solid producing a fluid reactant
and a solid ash. The particle radius remains constant and
does not deform during the reaction. In order for the pseudo
steady state equations to remain valid, the fluid reactant
: ; . (3,34)
should be in relatively low concentrations.

As is true of many fairy tales, the real situation is

far from the ideal that one would wish it to be.
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No attempts have been made here to account for heat
transfer effects. For a highly exothermic reaction the
interior of the particle would increase in temperature
while for an endothermic reaction cooling would occur. This
problem has been treated elsewhere(9’28) but the resulting |
equations are much too bulky to consider here.

Another problem which has received little or no éttention
isvthe treatment of non-spherical éartiéles. As well, very
little treatment has been accorded to changes in the
surface area of the unreacted cae as pointed out by Cannon
and Denbiqh(lo). In the latter phenomenon, if the reaction
rate per unit area of core decreases with greater conversioh,
the surface non-uniformity will tend to be smoothed.out,
because the rate of reaction will be less at a point of
deeper penetration. If the rate of reaction per unit area
remains constant, the non-uniformity will be constant or

increase.
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Iv APPARATUS AND EXPERIMENTAL PROCEDURE

Because the reactien of fluorspar with sulfﬁrie acid.
may_be strongly affected by imposed dynamic forces, it was
necessary that the reaction be studied under dynamic
conditions similar to those imposed by the industrial process.
More specifically, mixing cannot be preperly accounted for
in a batch reacting system, because of the nature of the
reecting material.

v Furthermore,beeause the reaction is highly endothermic,
the temperature of the reacting mass is difficult to control
in a bateh process unless very small quantities are used.

But with very small guantities of reactants, one canhot but
help avoiding the lump formation which may play a significant
role in the reaction.

At the Same‘time,lthe usefﬂlness of the continuous
reactor data have limitations if they are not isothermal
and the feed rates are not constant.

In the construction of the continuous reactor assembly
attention was focussed towards achieving the following:

(a) Temperature was to be maintained constant at all

reactor points.

(b) The acid and feed rates had to be accurate.

- 27
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(c) Solids entrainment in the product gases was to be

kept to a minimum.

(d) An accurate measuré of the amount of'hydrogen

fluoride produced had to be obtained.

(e) The mixing rate was to be constant during any run.

Figure IV.l is a schematic d%agram of the continuousv
reactor agsembly.

As discussed hlsectkmvithe data of the continuous
reactor are limited intheir usefulness for testing kinetic
models. Té suypplement the continuous reactor data it was
necessary to carry out batch experiments.

In the construction of the batdh reactor, all the

attention was focussed towards temperature control.

A, The Continuous Reactor

1. The Reactor

The reactor was a 5 inch diameter, flanged, -cold
rolled steel pipe 14 inches long. A semicylindrical heater
along the reactor bottom was used to heat the main reactor
body. Flange heaters, on the flanée.perimeters, were used
to eliminate axiai temperature variations. Figure IV.2 shows
the details of the reactor.

The semicylindrical heater was 5 3/% inch I.D. and was

12 inches long, fitting snugly between the reactor flanges.
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It was rated at.2300 watts at 230 volts.

The flange heaters were of 9 inch I.D. and 1 1/2 inches
wide. Both heaters were rated at 1225 watts at 115 volts.

" A proportional controller using fhe central thermocouple
as sensor sefved to control the semicylindrical heater. The
flange heaters were manually controlled by way of variable
transformers.

The reactor contents were mixed by 1/8 inch thick, 1
inch wide, paddles constructed from old 1awnmoWer blades.

a photogfaph of the mixers is provided in Figure IV.3. Some
.space between the two sets of paddles was necessary to provide
clearance for the central thermocouple.

The forward paddles were coated with a hard stellite
alloy to prevent excessive corrosion by the environment.

To prevent unduevfouling of the reactor walls, which
would hinder heat transfer, thé cleérance between the
paddle edges and the reactor wall was kept to as low a
value as possible.

A 1/4 h.p. electronically controlled D.C." motor provided
the drive for the mixers. The‘range ofvmixing could be
varied from 1 to 44 r.p.m. with an accuracy of roughly 271
To achieve the low r.p.m. values.a 60 to 1 gear reducer was

necessary. The high reduction provided for a very powerful

mixing.
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Three chromel-alumel thermogouples were used tOo measure
temperatures at various points in the reactor. These were
ceramic insulated thermocouples protected by a stainless
steel sheath of 1/8 inch diameter. To prevent error in
temperature measurement due to stray currents or stray
magnetic fluxes, the thermocouplg junctions were ungrounded.
One eighﬁh inch NPT adjustable compression fittings were
used to fasten the therﬁocouples to the reactor walls.

The first thermocouple was inserted through the forward
flange 1 3/4 inches above the reactor bottom. It extended
approximately 3/4 inches into the reactqr. It was installed
so as not to interfere with the ‘stirrers.

The second thermocouple was inserted through the top of
the reactor and extended to about 1/8 in above the reactor
bottom. This thermocouple was held in place by a 3/8 inch
diameter slotted stainless steel rod. This rod does not
interfere with the theimocouple reading as illustrated in
the photograph in Figure IV.4. The restraining rod prevented
the thermocouple f£xrom becoming foﬁled in.the mixer paddles. |

The third thermocouple was inserted%through the rear
flange and its position is also illustraLed in Figure IV.X,

A Honeywell multipoint strxip chart recorder measured

.and recorded the temperatures.
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All the thermocouples used were checked for accuracy

by immersion into boiling distilled .water and noting the-

temperature response.

. 2. Solids Feeding

Fluorspar was fed to the reactor through a double
hopper arrangement. The first hopper, as illustrated in
Figure V.5, was equipped with a 3/8 inch diametér helical
auger. The auger was driven b§ an electronically controlled
variable speed, 1/6 h.p. D.C. motor. The auger rotation.
rate determined the rate of spar flow.

As éhown in Figure IV.6,a 5 inch long mixing auger
pushed the solids toward the feeding tube where it was carried
off by the smaller auger. However, unless further mechanical
aid was provided, tunneling occured, producing erratic or no
flow. To overcome this, two 3 inch diameter variable speed
stirrers were installed in the hopper to maintain the powder
in a semifluid state.

The powder out of the metering auger fell into a second
hoéper equipped with a constant speed 5/8 inch diameter
constant speed auger. This auger, similar to the 'solids out
auger shown in Figure IV.7, had a substantially higher
capacity than the metering auger, and easily pushed all of

the powder falling into this second hopper into the reactor.
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The accuracy of the spar feeding system was usually

better than 1%.

3. Acid Feeding

Sulfuric acid was pumped by means of an électronically
controlled varia‘ble. speed Masterflex@tubing pump. The
pump tubing was of Viton but the rest of the line was 1/4 inch
teflon tubing. A rotameter was uéed to measure the flow which
was controlled by the r.p.m. of the pump.

The viscosity of concentrated sulfuric acid is highly
dependent.on temperature. This meant that day to day
temperature variations caused deviation of the rotameter
calibration, which is highiy dependent on the fluid viscosity.
To overcome this problem, it was necessary to insuxe that the
temperature of the acid as it entered the rotameter be
constant.

To achieve constant temperature, the acid was passed
through a glass coil immersed in a constant temperature bath.
The bath temperature was coptrolled so as to maintain the
desired temperature (about 39°C) at the rotameter entrance.

A thermometer ﬁith 0.1°% graduations was installed at the

rotameter entrance to indicate the acid temperature.

The teflon tubing between the rotameter and the reactor
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was wrapped with heating tape to heat the acid to approximately
200°F prior to its entry into the reactor.

The accuracy of the acid feeding was better than 1 per cent.

4., Solids Removal

The solid products from the reacéion were removed
by means of a 1 inch diameter wood auger bit. This‘auger,
as shown in Figure IV.7, extended 1 inch into the reactor
and was encased in a.teflon sheath. To facilitate flow, a
solids out port, also shown in Figure V.2, was inétalled
inside the reactor Qall.

The auger was driven at speeds .of 1-60 r.p.m. by an-

-‘electronjically controlled variable speed 1/6 h.p. D.C. motor.

5. The Scrubber

The fumes produced in the reactor were drawn ou? of
the reactor through a 1 inch teflon tube. This line was wrapped
with heating tape to prevent undue condensation of the
vapours. |

The schematic of Figure IV.1l gives an adequafe view of
the scrubber aésembly.‘
The vent scrubber provided the vacuum necessary to

withdraw the reactor fumes. This vacuum was controlled by

adjusting‘the exhaust valve.
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The caustic makeup (Na2C solution) was filtered to

o)
3
prevent fouling of the control valve.

The circulating pump provided outlet pressures of

about 40 p.s.i. to create more than an adequate vacuum.

It

‘ The efficiency of the vent scrubber was 100 %
as substantiated by analysis of the exhaust by means of a
Drager gas detector. The analysié indicated that no hydrogen

fiuoride was present in the exhaust.

)
B, Experimental Proceedure for Continuous Reactor Runs

prior to reactor startup, the solids and

'acid feeding systems were both calibrated at the desired

" levels. Recalibration of the solids feeder was necessary

" because temperature and humidity conditions altered the
calibration from day to day. The recalibration of the acia
rotameter was necessary because of slight variations in the
concentrgtion of the acid used.

The reactor was then heated to the.desired temperature
level and feeding of spar and acid was begun. The reactor
was operated for about four hours to.allow steady-state
condiéions to be échieved. At about that time, 5 grams of
nickel sulfate were added to the reactor by way of the
second hopper. The nickel sulfate served as a tracer for

the determination of the residence time distribution.
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Samplés of the solids out for tracer analysis were
taken in the following intervals of time, 0-3, 3-6, 6-9, 9-12,
12-15, 15~20, 20-25, 25-30, 30-40, 40-50, 50-60, 60-70, T0-80,
80-100, 100-120, 120-140, 140-160, 160-180, 180-200, 200-220,
and 220-240 minutes. Sufficient time was allowed to insure
that all the tracer had left the reactor. These samples also
served for the determination of the solids out flow réte.

Solids out samples for chemical anélysis,were taken in
the time intervals of 120-140, 140-160, 160-180, 180-200,
200-220 and 220-240 minutes. These samples were taken
simultaneously with the tracer samp;es, and were collected
with a spoon and immediately quehched in 500 ml éf 1l N NaOH
solution. Scrubber liquor effluent samples were taken in the
same time intervals.

While the reactor was running, the variable transformers
for the flange heaters needed adjusting to maintain
temperatures constant.

Periodic checking of the solids feeder accuracy was
also done during each reactor run; This was easily

i

accomplished by collec%ing the solids frdm the metering auger
f

for a 1 minute interval. If a slight déviation of flow was
;
noted, the r.p.m. of the drive motor was adjusted to

-compensate. This constant checking of feed rate was mandatory
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because variation in flow could occur during a run due to
ambient temperature and hum;dity variations. In this way
slight deviations could proéerly be remedied before they
became serious.

The spar sample collected from .the metering auger, was
not discarded,but slowly added to the reactor when the next
sample to check the feed rate was being taken.

After shutdown, the reactor was completely dissassembled
and wéshed, then reassembled for the next run.

-The treatment of the samples is discussed.in-

Appendix 1IV.

C. The Batch Reactor

To supplement the data of the continuous reactor, the
batch reactor was constructed and operated.

It is a fairly éimple piece of equipment consisting of
a 3" diameter steel pipe with a blind flange. The pipe walls
were machined down to 1/8 inch thickness to facilitate good
heat transfer. The flange was also 1/8 ihch thick to
facilitate good heat transfer. Heatérs were used on the bottom
plate and on the Qall. A thermocouple was centrally located
on the flange. The temperature was recofded on a strip
chart recorder and controlled by an on-off temperature

controller which regulated the bottom heater.

.
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D. Experimental Procedure for the Batch Reactor

The reactor, with a pxe welighed amount of fluorspar was .
preheated to the desired temperature 1eve1; AApreweighed
amount of acid was simultaneously heated to about 10°¢ higher
than the desired running temperature.

The acid was then added to the preheated fluorspar
while manually stirring with a stainless steel epatula.
Stirring was continued until the mixture hardened and the
spatula was employed to break up the larger granules.

- In each of these runs roughly 40 grams of spar and
48 grams - of acid were used. Great care was taken to ensure
that equimolar guantities of reectants were used.

Four samples were taken at predetermined times for each
of the runs and quickly quenched in 100 mls of 1N NaOH
solution. ’

Although the temperature dropped about 20°F upon initial
contact of the reactants the period of this drop was only

about 45 seconds to one minute, after which the temperature

o)
was maintained to * 8 F.

E. Operational and Equipment Problems

Some of the difficulties which were encountered, and
could recur, with the equipment. have already been briefly

dealt - with in the previpus discussion. Here an attempt
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is made to make the reader aware of other problems which had

to be overcome, The chief of these problems was the solids

feed system.

1. The Reactor

In a move to save costs, a variable transformer
rather than a temperature controller was employed to control
the heating of the semicylindrical heater. Although this

manual control was satisfactory below 350°F it proved to be

rathervpoor at the higher temperatures.

2. The Solids Feed System

The original solids feed system consisted of a
hopper with a machined screw for feeding and stirrers to
maintain the spar in a fluid state. The stirrers were
necessary to prevent ratholing (a stable arch forming).
Moreover the spar tended to adhere to the screw, often
causing all flow to ceése. At best, the spar flow rate was
erratic and dependent more on the position of the hopper
stirrers than on the screw rotatién rate.

The same hopper was equipped with a different screw
(a wood bit auger) which provided better stability of the
spar flow rate so long as the position of the hopper stirrers

was not disturbed. However,when the calcium balance
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problems, as discussed elsewhere arose, it was suspected that
during the actual running of the reactor the outlet port of
the feeder was clogging. ance no adequate method of
measuring the spar feed rate during reactor operation was
available no adjustment to the screw r.p.m. could be made to
compensate for the fouling action.

At that time, the solids feed|port was on the forward
reactor flange rather than in the portal above the reaétor
as shown in Figure IV.2. The ﬁutty—like reactor contents
could easily have been the cause of the fouling. In addition,
the corrosive acti;n of the reactor fumes caused substanﬁial
corrosion of the screw feeder and enhanced the adherence of
the spar to the screw.

In desperatién a solids feeder was rented from the
Vibra Screw Corporation. This feeder was found to be
unsatisfactory due to its inconsistent performance. Further-
more, it was bulky and extremely noisy.

However, the design of their auger was considered to
be satisfactory and a new feeder was.designed employing
this auger. The new feeder was described previously and
it proved to be quite satisfactory.

Initially, it was thought advisable to vibrate the

hopper by use of pneumatic vibrators. However, vibration
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was found to be unnecessary so long as the hopper stirrxcrs were
powerful enough to rotate at a constant r.p.m..

To eliminate blockage of the solids feed a solids feed
port was constructed atop the reactor. However this did not
prevent corrésion of the feeding auger by the fumes.

To allow for periodic checking of the Solids flow rate,
a second hopper was employed to.tfansfer the solids into the
reactor. This last change was very important on two couﬁts.
Firstly, it eliminated all interference of the solids metering
by the fﬁmes and solids in the reactor. Secondly, the solids
flow rate could be monitored continuously even during reactor
operation alléwing one to compensate for minor deviations in

flow rates.

3. Acid Feed System

Originally the sulfuric acid was gravity fed through
insulated 1/4 inch sch. 40 mild steel pipe from a heated
5 litre glass tank. Due to the extremely low flow rates
required (7 - 15cc/min), it was necessary to use needle
valves to regulate flow. A rotameter was used for mektering
purposes. Corrosion of steel pipe is reportedly low enough
to make its use practical for this purpose. gowever,

sufficient corrosion occurred +to cause fouling of the needle

valves, ‘The steel pipe was subsequently replaced with teflon
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tubing. The performance of this line was satisfactory until
such time when commercial grade ‘acid was fed to the system in
place of the analytical grade used for testing. Severe
fouling with the commercial grade acid led to the belief
that a metering pump would need to be used to improve £low
control. |

A metering pump was subsequernitly purchased and proved
satisfactory for a while. After a period of time, the pump
check valves began to foul badly resulting in undesirable
flow rate . inaccuracies.

The.final solution proved to be the use of a variable
speed tubing pump to control the flow rate,and the rotameter
vfor metering. Although this arrangement gave steady acid
flows, the rotameter calibration still fluctuated from day
to day. This fluctuation was eventually attributed to day
to day room temperature fluctuations. To ovexrcome this
inaccuracy the use of the temperature bath was initiated.

Simultaneously, because of the extremely low flow rates
involved, it was found that heating the acid in the reservoir
was undesirable because by the time it entered the reactor
it would be cooled down considerably. Wrapping tﬂe teflon
tubing with heating tape to heat the acid prior to its entry

into the reactor proved to be a practical solution.
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It must be pointed out that these changes were not

necessarily made in chronological order.

4., sSolids Removal System

Initially this system used a 3/4 inch diameter machined
screw to remove the solids. This scre& proved unsatisfactory
even when the solids out port was addéd. When a 3/4 inch
diameter wood bit auger rgplaced that screw, satisfactory
results were obtained.

' The size of the auger was later changed to l'inch
diaméter to facilitate a more efficient solids removal.
Although this large auger will handle paftially wet solids

it will not work if the solids are too wet.

5. The .Scrubber

The first scrubber consisted of a flanged 36 inch
long 5 inch diameter steel pipe. The pipe was packed with
P.V.C. rings. A vacuuﬁ was applied to the scrubber by means
of two laboratory size jet ejectors. The fuqes were drawn
out of the reactor through a 3/4 inch aluminumAand steel

pipe. Steel pipe was used to construct % U~tube trap to

catch any liquid that might flow from the scrubber into the
!

transfer line. Other parts of the transfer line were of

‘aluminumn.
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The major problem encountered with this equipment was
the rapid corrosion of the transfer line pipe and the fouling
of both the transfer line and the scrubber with solids
_entrained in the gases.

Fouling of the transfer line caused vacuum build up in
the scrubber followed by flooding of tﬁe scrubber because
the vacuum prevented the liquid from flowing out.

All this, of course, led to a very unstable operation
and sometimes led to the profuse spewing of dangerous fumes
into the immediate area.

By fortunate circumstance, the author was made aware of
a new piece of equipment available Ehat'could eliminate these
problems. A pilot plant size jet scrubber that would serve
to scrub the gases, as well as provide thé necessafy vacuum
for withdrawing the fumes out of the reactor, was being
marketed.

Deployment of this jet scrubber provéd very satisfactory.
Although some fouling of the teflon transfer line did occur
when the equipment was initially put into operation,
adequate adjustment of. the exhaust valveéprevented undue
solids carryover. The use of heating taﬁes on the transfer
line also helped to maintain it fairly dfy and eliminated

fouling.
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Another problem which also needed to be dealt with was
the fouling of the caustic makeup needle valve. Solids
precipitated out by caustic addition to tgp water werelthe
direct cause of this problem. Tﬂe addition of a filter

to. the feed line was a simple solution to the problem.
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Reactor Mixers

FIG. VI.3
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Reactor Interior Showing Positions of Central and Rear Flange
Thermo couples.

Iv.h

FIG.
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V. REACTOR AND KINETIC MODELS

A. The Continuous Reactor

Tracer data ( a typicai output curvé is shown in
Figure V.I), indicated that the reactor was not an ideal plug
flow reactor,nor‘was‘ié an ideal continuous stirred tank
reactor. ‘

The initial approach was to consider mass and energy
balances §f both the macroscopic flow and of the microscopic
reacting particles. This apporach was takén by Sood€27) but
led to an.impractiqal set of equations solvable, if at all,'
by use of advanced numerical techniques. The second approach
was to eliminate energy balances, and treat the reactor as a

(18,19,20)  mpo third approach was

tanks in series model
dramatically different, and was based on the pfemiée that
mixing in the reactor does not occur in the manner assumed
by the first two approaches. The approach outlined below,
attempts to account realistically for the observed phenomena
occuring in the reactor.

At the entrance, the réactor is partially filled with
a pasty mixture of reactants and products. The rest of the
reactor is partially filled with hard, grey, substantially

dry granules. This is not a step change, but the trans-

formation from a wetto a dry mixture occurs in the early
52
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sections of the reactor.' In any case, once tﬂe granules have

formed interaction among them is negligible. This results

in many non—interactiﬁg batch reactors which remain in the

reactor for varying lengths of time due to non-ideal flow.
From the tracer data,one can obtain E(t), the residence

time distribution of the particles leaving the reactor. These

data, combined with the average conversion of the output

stream may be used to obtain a rate constant for an assumed

kinetic model.

The starting point for this analysis is the expression

Mean value of fraction of fraction of
the fraction of»CaF2 = exiting CaF, unconverted
unconverted granules that for granules \,
< remained in ) remaining. in the /
all the reactor reactor for a
elements for time t, to time t.to
= i ,
gty J groe © y
(v-1)

or (1 - _};B) = Z | (E(t)(nt));- (1 - *5(%5)) (v-2)
- i=1 | . .

xB(Ei) = average conversion of B obtained for a stream of

age between t.,and ti+At.
i i1

N

(£;) + (£ + oty)

Ei
2

[E(t)(At)]i = fraction of stream with ages between t; and

ti + A#i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



54

¢

In most instances, E(t) is not easily expressed in an
analytic form. Also, unless the kinetic rate expression is
of a simple form, xB(El) is not easily expressed in
analytiec form. Therefore, although itis possible to

express equation (V-1) in the inte gral form

¥, = f x,(t) E(t)at C(v=3)

o ..

it is impractical to work with it.

B. The Rate Equation

We begin by adopting the moles of calcium as a basis
for expressing concentration. Thus XA = gm moles of A per
gram mole of calcium present in the reacting mass. If, for

example, the feed were pure CaF2 the initial concentration

of Ccar X is unity since there is one gram mole of CaF2

2’ "Bo’
per mole of calcium in the reacting mass. This basis of
concentration is chosen because the total number of moles

of calcium does not change as the reaction proceeds.

Using this basis, one can write the reaction rate term as

* f

cpo= -t ANy F (e,x,,x;) (V-1 )
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or Fp = ‘fkk,XA,xB) | | (v-5)

where k is an arbitrary rate constant.
The function,‘fkk,XA,XB),may take many forms, one of

which is

_f(k,xA) =k X, (v-6)

In terms of fractional conversion one can let

P4
il

B~ Xpo (1= %p)

and X, =X, - XX, = xBo(

A - x)
since one mole of A reacts with one mole of B. ‘And,A is
the molar ratio of acid to spar expressed as gm. moles of

acid per gram mole of spar in the initial reacting mixture.

Equation (v -6) then became

Ixp

— =k (a-x)) . | -7
— (a - x) (v-7).

and k has dimensions of 1l/time.

The above model is one of many consigered for correlating
the rate of evolution éf hydrogen fluorid?.

Prior tovdiscussing these equations ;ne should list the

peculiar phenomenological aspects of the reaction of sulfuric

acid with fluorspar.
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(1) CaF2 crystals are not porous and fairly pure.

(2) The reaction yields a solid and a fluid product.

(3) The solid product:is quité porous and adheres to

the unreacted material.

(¥) The liquid reacﬁant decreases in amount in

proportion to the degree of conversion.

(5) The initial solid partiéles aré not spherical

and surface irregularities tend to be smoothed
out ﬁs the reaction proceeds.

"(6) The solid particles are not of a uniform size, but
are quite fine. (mean particle diameter of 20
to 30 p)

Items (1) through (4) would seem to point to the
validity of using the shrinking core model. At the same
time, because the acid was of high concentration, the validity
of the pseudo steady state assumption was in question.
However, as discussed in Appendix I, treatment of the
reacting system must be kept as simple as possible because
only one rate constant value may be determined from the
data on the continuous reactor. In reality, equation (IIX-9),
which is a relatively simple equation,cannot be used because

three rate constants would need to be determined.

With the restriction of having only one rate constant in
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a model, one is limited in the amount of sophistication
possible.

One can begin by simply attempting to fit the data to
an empirical equation of the form

m n
Fle, x,,%) = k0 %,

For simplicity m and n were chosen to ﬁe integer values or
Zero. Models 1, 2, 3, 4, and 5 are of this type.

Recalling that in the reaction the surfaceiconcentration
of the so0lid may be considered constant while the con-
centration of the fluid reactant is decreasing in prdportion
to the amount.of conversion one can use equations (III-19),
(I11-20), and (IIT-21) referred to in the THEORY (section III).
These equations are included in Table V.l as Models 1, 7 and
6 respectively. Model 6 is valid for the case where one
assumes a first order reaction with respect to A on the
surfaée. If a second order reaction with respect to A is
assumed the equation of Model 15 is obtained.

Models 9, 10, 11, 12, and 13 are empirical variations

of the diffusion controlling equation of Model 7.
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TABLE V.1 List of Reaction Models

Model Units of Rate Model
No. Constant (a)
dx
oL o=1 -1 "B
1 min.~ X —= = k. X, (A-x,)
dt 1"Bo B
dx .
2 min'.'1 X'l- E;E = kZXBo(A-xB)(l-xB)
dx
. -1 -2 B _ 2
3 min. X E_— = k3XBO(A-xB)
. t /
: dx
.o =1 B : 2
4 min. —= = k,(1-x%g,)
dt 4 B
dx
. -1 B _-
5 min, —= = k(1-xg)
dt 5 B
) dx
Lo=1 =1 B _ 2/3
, 6 min.” X -E—— = kGXBo(A'XB)(l"xB)
t
1/3
-1 -1 dxg X (A-xg)(1-xp)
7 min,~ X —_ = k7 173
dt 1-(1—xB)
2/3
o1 -1 dxg  Xp,(A-xp)(1-xg)
8 min.” X —_ = k8 173
dt 1'(1')(8)
2 N
dx Xo (A-x )2(1-x )2/3
.. =-1 -2 B _ Bo B B
9 min.” X —_ —-~k9 173
dt 1—(1-xB)

(a) X = concentration in moles ‘per mole of calcium
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TABLE V.1 Contd.

Model Units of Rate Model
No. Constants
| dx X2 (A-x.)2(1-x,)1/3
.. -1 -2 B _ Bo B B
dt 1-(1-xB)
dx x2 (A-x )2(1-x )2/3
.. -1 -2 B _ " "Bo B B
11 min.” X —_ = k11 373
dt - 1-(1-XB)
2 2
_ _ dx X (A-x5)“(1-xy)
12 mint X2 —B oy BB B
' : “dt 1-(1—xB)
X dx Xo, (A-x) (1-x,)
13 mintt x7! —B =P8 B
dt - xB
2/3
L1 -1 dxg . XBOKA-xB)(I-xB)
14 min. X —_ = k14 573
dt 1-(1-xB)
dx
B _ 2 ia o v2¢q1_. \2/3
15 minTl x~2 " k15Xgo (A-xp) “(1-xp)
_ 1/3
dx Xo (A-xg)(1-x,) X

k
16 173
dt 1-x5-(1-xg)
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VI EXPERIMENTAIL RESULTS AND ANALYSIS

A Experimental Results

1. Qualitative Observations

Several points need to be documented on the basis
of visual observations made during the operation of the
batch and continuous reactor.

a. Batch reactor

When the hot acid was added té the preheated
fluorspar a rapid frothing ensued, the intensity of which
increased with increasing temperature. 1In the runs at 350°F
the acid had to be added less rapidly to prevent boilover of
the contents. Runs at temperatufes above 3500F were
impossible in the batch reactor because addition of the acid
wouLiﬂecessarily have been so slow so as to affect the results.

After the frothing stage, the reactants took on a
putty-1like appearance,which, if left unmixed, would have set
as one mass. However, Qith mixing by use of a spatula the
setting action produced granules of various sizes (5/8 inch
to 1/8 inch diameter with some powder). The iarger granules

seemed to be wetter than the others i.e.%they contained a
t
greater proportion of acid. !

i
i

The putty-like stage lasted about 5 minutes in the 250°F

runs but only about 2 minutes in the 3509F runs.

61
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In one experiment,1l/8 inch diameter crystals of
. relatively pure CaF2 were immersed in a beaker containing
sulfuric acid at about 250°F. Small bubbles of gas were
evolved which dissolved in the acid (HF is soluble in H2SOIL
at 250°F to 1.8% by weight HF content). The solids product
layér did not appear until the cry;talé had reacted for
some time. This product layer formed initially on the
crevices of the crystals but soon covered the entire unreacted
surface and adhered very firmly to it; Examination under a
miéroscope revealed that the product layer was pot sponge-1like
but rather more like Plaster of Paris. The microscopic
examination also revealed‘that tﬁe surface irregqularities
had been sbmewhat smoothéd out.

b. The continuous reactor.

Some of the points mentioned here have already

been covered in the other sections of this thesis. They
are reconsidered here only by way of a summary.

In the feed end of the reactor, the reacting mass, which
only partially filled the reactor, consisted of a putty-like
material. The entire forward readtor interior was: thickly
coated by this putty. Aabout 6 inches beyond the reactor entrance

the paddles were only slightly coated and the reactor

contents consisted of slightly wet granules which became
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fairly dry as they travelled to the reactor exit. While some
of the exiting granules were of 1/4 inch to 3/16 inch
diameter, they were in the main about 1/16 of an inch or

less in diameter.

In a run which is not documented in this thesis, pure
synthetic CaF2 was fed into the reactor. Operation of the
reactor using this spar was impossible because fairly large
lumps formed which could not be handled-by the solids out
auger. The lumps were also fairly wet indicating low
conversions. With the same reactor conditions, but using the

synthetic spar to which a 5% by weight CaCO, content had been

3
added, the large lumps did not form nor were the solids out
as wet as in the above run.

Even after 8 hours of operation the solids out flow rate
pulsated to a large extent. When large pulsations occuréd,
the temperatures were also observed to fluctuate slightly.
Runs in which high flow'fluctuations occured were normally
discarded because the tracer response for these runs could
not be relied upon as being representative} Only two runs

1
. . |
were dlscarded for this reason. i

2. Continuous Reactor Data

|

¢

Table VI.l contains the compositions, and the mean

particle diameters, of the spars used in runs 10A to 19A and
|

%
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1f to 1OF of the continuous reactor. Sulfuric acid of 98.8%
by weight purity was used in ali‘these runs. Table VI.Z2:
shows the experimental parameters of fhe A runs carried out.
Table VI.3 contains the run parameters of the factorial
runs 1lF to 10F.

The results of the mass balances as well as the
conversions obtained for all the éamples taken are included
in APPENDIX IV.

Table VI.4 shows the fractional age distribution‘of
the solids leaving the reactor calculated from the percent

nickel out data and the solids out flow rates using the

eguation
Fraction of solids out w.e. '
stream which consists _ (E(tﬁ-At) _ _i7d (VI-1)
of elements of age i n W.e
between t, and t. + At, DI N

i i i 3 =1

where W; = weight of solids out during the interval i

C; = average % Ni content of solids out during the interval
and n = total number of intervals

3. Batch Reactor Data

The conversions—-time data of the batch reactor runs
using fluorspar Newfluor-A is contained in Table VI.5. The
conversion values were calculated from the % CaF2 in the

filtered solids samples reported by the lab.
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! 65
B Analysis of Batch Data.

The conversion-time data of Table VI.5 were subjected
to the analysis outlined 1n‘APPENDIX I. Only three models
were seen to yield a fairly linear plot of integrall(I)
versus time (t). These models were: model 9, 10, and 11

of Table V.1l.

2/3

EfB _ k9 Bo (A~x ) (l x )
Model 9O 1/3

dt (l—x )

k. (A X, ) (l—x )

wodel 10 —P =120 TR0 2

at 1 - (1—x )

ax .kll Xy 2(A x ) (1-x )2/3

= O B

Model 11 —— = 2/3

at 1 - (l-xB)

All other models contained in Table V.l‘yielded non-linear
integral versus time plots.

The apparen£ rate constants of the three models were
estimated by least squares regreésion as
discussed in Appendix I and are shown in Table VI.6. For

comparison purposes this analysis was also done for models

6 and 7.
4 : 2/3
dax k. X, (A-x_)(1-x
Model 6 —B = 0B s) (17%p)
dt
. 1/3
ax k, X_  (A-x_)(1-s.)
Model 7 —E = [ _Bo B B
' dt 1
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The correlation coefficients for I vs, t for all models
are included in Table VI.6 and indicate a high association
between I and t. However the correlaéion coefficient is
only a measure of association and in no way should be
interpreted as the final criterion of the goodness of fit
of these models.

A more accurate measure of the goodness of fi£ of a
model is the ratio MSAR/SE where MSAR is the mean square

of the residuals about the regression. i.e.

: : A o
: D W € SR

M8\, = £ Bi Bi (vI-2)

(n - 1)
A . ‘ L3
xBi = the conversion predicted by the rate model at a
time ti using the determined k value.
Xps = the conversion obtained by experiment.
n = number of data points.

SE2 is the mean square due to pure error and was evaluated

from the replicate values of Xy at a time ti using the

following equation

no
E

n.,
i

- .2
SE = 3 1 = 1 '(xBij = i) (VI-3)
Rl
Z(nj - k)
=1
nj = no. of replicates available at a time ti
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x|
1

Bi = mean value of replicates at a time ti

m = total no. of time levels at which replicates
were available

The S_° value calculated is 8.97 X 10"4

E with 23 degrees of

freedom and is a measure of the experimental error.

If a model is to fit the data and MSAR value for the
regression should not be significantly greater than the
experimental error. If it is significant it indicates
that there is a bias in the model (i.e. the residuals are
unduly high).

The MSAR values were calculated after having obtained
the least squares estimates of the apparent rate_constants.
The F ratio (MS__/S 2) along with éhe 95% confidence

AR" E

interval of the apparent rate constants were included in
Table VI.6.

The F ratios are significant at the 5% or lower level
of significance for all three temperatufe levels for
model 6, and for the 300 and 350°F temperature levels for
model 7. None of the F ratios are significant for models
9, 10 and 11 indicating that these three models fit the data.
As well, the MS, values in Tabie 6 areéof equal size,

indicating that none of the models may be considered a better fit.

It must be stressed that the above analysis does not
prove that the three models are the correct models, but proves
only that the null hypothesis that these models fit the

data cannot be rejected.
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Pigures VI.l, VI.2, VI.3, VI.} and VI.5, show the
experimental da#a and the conversion curves predicted by
models 6, 7, 9, 10 and li using the least squares estimates
of the apparent rate constants. Figure VI.1l and VI.2
illustrate the lack of fit of models 6 and 7 to the data.

' Having obtained the apparent rate constants for each
of the models at three temperature levels, the next tasklwas
to fit these constants to the Arrhenius equation of the form

~E (1_1
k =k, exp R (vi-4)

where E is the apparent activation energy (Btu/1lb.mole), T
is the temperature (°R), (1/T) is the mean (1/T) value, and
R is the gas constant (Btu/lb.mole °R). The aim was to
obtain the best estimate of the tﬁo parameters kT and E.
There were twd approaches used for the least squares
estimate of the parameters. The first approach was to
esfimate the parameters of the non-linear equation (VI-})
while the other was to linearize it by taking the natural
logarithm of both sides of the equation for easier
approximation of the parameters. However, linearization
simply for easier approximation of the parameters is an
invalid procedure unless the true'regression model itself is
intrinsically linear (13), (27).

If the model is intrinsically non-linear, the regression
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equation is

where ¢ is the random error with the expected value of 0

1li

and normally distributed about O with'a variance Oig, where

'ka is the variance of the apparent rate constants. Put

more simply ¢ is the increment by which an individual ki

1i
may fall off the regression curve, the expected value of
vwhich is zero and whose variance is expected to eqgual the
variance of k.at all levels of k. If the variance of k is
independent of the 1evel of the.temperature, the variance of
€. . must élso be assumed to be constant.

li
: (21)
Using the program GAUSHAUS

the least squares
estimates of the non-linear parameters kT and E were obtained.

The values of the parameters obtained are shown in Table VI-T7A

along with the variance of residuals Si k
b
A L\2
2 L (kg = k) ¢
SR,k = i (VI-6)
n-p

P = no. of parameters in the regression equation = 2;
n = no. of data points. Because there were only 3 temperature

points n -~ p = 1(i.e. the variance about regression had only
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’

one degree of freedom) the resultiﬁg estimatesof the standard

error of E and kT (by linear approximation) also had only

one degree of freedom and the 95% confidence intervals of

E and kT were very large and ignored. The (i7$3 value for
-3o§d

all three models was 1.3196 X 10 so that the

equation were

A -22190 1 1
k.= 0.102 exp { —— [-— — ———————] (vi-7)
? Lo T 757.8
for model 9
A [ -20520 1 1
'klO = 0.0775 exp{ — —-—-——————] (vi-8)
R T 757.8

for model 10

A
and kll = 0.176 exp

~-21480 [l 1
R

2} s
T 757.8

for model 11. The k values had units of (min. -1 _2)
where X represents concentration in terms of moles per mole
of calcium. The superscript " denotes predicted value.

Suppose now one assumes that the regression equation

is intrinsically linear, of the form.

-E .[ 1 /I -
k; = kp exp g — [-— (— } . . (VI-10)
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which can be linearized to the form

: E (1 1 .
(Ink); =Inkp,-_ 2 - _ % + € (VI-11)
R T; T ‘
i=112. ... n
so that &, = 1" Ye, ).
i 2i
Rewriting equation (VI-10) in the form
A .
k; = kg ;éi . (Vi-12)
where -
A -E 1 -/1
T T T .

i\i is the esi;imate of ki from the. regression equation using
the best estimatesof kT and E. However, in equation
(vi-10) .¢i is a random factor by which the rate constant k,
differs from the regression equation and is valid only if
the error (ki - ?cl) is proportional to the size of ki.

i is assumed to be normally

distributed about the mean zero with a constant variance

For equation (VI - 1l), €

O‘Jaln(k)

The best estimates of the linear parameters kT and E of

equation (VI-11l) were determined by ' least
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squares (13) and are reported in Table VI./B along with the

variance of residuals

s.2 = Z((]n'.k)i - (]fk\')i) 2 (vi-1)

Riln k i

n-p
Again it is fruitless to consider confidence intervals because
there is only one degreé of freedom fo? the variance of
residuals. The (1/T) value for the models was

1.3196 X 10°3°8™1 so that the Arrhenius équations estimated

were . ‘
A~ -1953011 - 1
k9 = 0.104 exp {— v (Vi~-15)
L R T 757.8 :
for model 9
~ | ~18150 1 - 1 |
k,q = 0.0812 exp '[—' (VI-16)
R T 757.8
for model 10, and
A -18940 {1 - 1
ki, = 0.185 exp - (VI-17)
R T 757.8

for model 1l1.
Because there were only three data points it is
impossible to determine which of the regression eqﬁations

(intrinsically linear or intrinsically non-linear) fits best.

However by either approach the activation energy was in the
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order of 20,000 .Btu/lb. mole.

C. Analysis of Continuous Reactor A—-Runs.

Using the method outlined in APPENDIX I the apparent
fate constants were determined for runs 1llA to 19A. The
apparentzrate coﬁééant values are shown in Table VI.8. The
apparent rate constants from the batch data were included
in this table by way of a summary. |

The acid:spar ratio (A) used in the calculation of the
apparent rate constants of the continuous reactor-runs were
those labelled "corrected acid:spar ratio " This corrected
acid: spar ratio accounted for acid boiloff and reaction with
CaC03.

As will be discussed in séctibn VII of this thesis, once
the reaction between spar and acid has proceeded to some degree
the acid in the reaction mass is in the form of Casoq'H2504
crystals(zq) or liguid Hgso4 in the capillaries of the ash
1aYer. In either case the vapour pressure of_HESO4 would be
reduced and boiloff inhibited. The boiloff, therefore, was

.more likely to occur in the early stages of the reaction when
the mix was stili wet. .

When the mix is still wet and conversion was low, the

term (A—x~B)2 in the rate equations was not so sensitive to
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F 7)4.
the value of A, The acid boiloff was thusly best considered
as an acid bypass.

Furthermore, because CaCO_, would immediately react on

3
contact with sulfuric acid,the acid so consumed was considered

as unavailable for reaction with calcium fluoride.

Corrected acid: spar
ratio

2774

moles of stouin - | moles of H_SO, required foi
reaction with CaCO

3

- [moles of H_SO, boiled of%]

2%

[moles of CaF,_ into reactor]

2

The continuous reactor data were subsequently fitted to

_the non-linear and linearized Arrhenius ' equation

Because now there were 9 data points an approximation of the
95% confidence interval was more meaningful
The least squares analysis of the data is contained in Tables
VI.9 and VI.1lO.

The estimates of the variance of k due to pure error,

2 :
SE X values of Table VI.9Q were calculated using the values
2 :

of the rate constants obtained at each temperature level

(i.e. at each temperature three runs were carried out varying

only the acid:spar ratioc).
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(vI-18)

Where m = number of temperature levels at which replication

was done = 3, and nj = number of replicates at any one

temperature = 3. _ |
2 or82
E,k’ E,1ln(k)

linear model) as measures of variance due to pure error

The use of S (for the intrinsically
presupposes thap the acid:spar ratio was properly accounted
for by the rate equ;tion. If the rate equation had not
properly accounted for the acid:spar ratio, the errors about
regression would not be randomly distributed but correlated
to tﬁe level of the corrected acid:spar ratio. A plot of
the errors in Tables VI.13 and VI.14 vs. the acid:spar ratib)
as well és tests to ascertain the randomness of the errors,
revealed that the errors were indeed randomly distributed and
not correlated to the corrected acid:spa; ratio. Nor was
there any apparent correlation detected between the level of
the rate constant (or 1n k) and the e?rors about regres;ion.
The above staéements hold for both the residuals of the
non-linear and linearized Arrhenius equatiéns. The data,
therefore, do not reveal whether it is more appropriate to

use the non-linear or linear models. Both approaches satisfy

the data rather well.

-~
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The following equation was used to calculate the

2
estlmate of the variance due to pure error of ln k, Sg ,In(k)’

((m x),. - (In k)j) 2

i
!

52
E,1ln(k) m
n., -1
2. (ny = 1) (vi-19)
i=1
Because the 82 or S 2 values in Tables VI.9 and
E,k E,1n(k)

VI.1l0 were larger than the Si values in all cases there was
no reason to assume that the regression equations did not
adequately fit the data.

By least squares fit of the non-linear Arrhenius equation

to the continuous reactor data the following equations'

were obtained;

- 16200 1 _ 1 }
A - —_—
k9 = 0.317 exp T 828.8 (vi-20)
for model 9
- 152707 1 _ 1 |
/\ —————
Kio = 0.206 exp 828.8.} (vi.21)
for model 10, and |
IR - 15800 o hn
kg = 0.524 exp ; (vi-22)
828.8
for model 11, where T = °R. !

~
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By least squares fit of the linearized Arrhenius

equation to the continuous reactor data, the following

equations were obtained;

A . 7~ 17000 T1 1 Z
k9 = 0.307 exp { - T (vi-23)
R LT 828.8] |
for model 9
~ - 15700 [ 1 1
kyo = 0.202 exp —_ - - (vi-24)
R T 828.8
for model 10 '
A - 16500 1 _ 1 | z
kyy = 0.510 exp - ' (Vi-25)
R T 828.8 5 .

for model 11l.

The parameters estimated by either non-linear or linear
least squareé revealed that for the continuous reactor data
the activation energy was in the order of 16,000 Btu/lb. mole
and d4id not vary significantly from model to model. Furtherﬁore,
on the basis of the 95% confidence intervals, the hypothesis

that the activation enexrgy values for the non-linear models
are not significantly different from theflinear models, could
|

not be rejected.

D. Fitting the Arrhenius Equation to the Batch and
Continuous Reactor Data Simultaneously

In the above analysis, the batch reactor apparent rate

¢ : constants and the continuous reactor apparent rate constants

~
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were regressed to the Arrhenius equation separately. It
was of interest to see if the A runs and batch data could
be fitted to an overall Arrﬁenius equation.

The least squares estimates 6f E and kTobtaihed for.the
non-linear and linearized Arrhenius equation contained in
Tables VI.1ll, and VI.1l2 respectivgly were obtained. As in

2 2

. . o2
t
he previous analysis the S_ and SE, 1n(k) (ox SE,k) values

2

were compared and, as in previous results, because the S
E,ln(k)

or Sg,k values were larger than the Si values there was no
lack of fit of either the non-linear or linear model nor
was one model discernably superior to the other.

Examination of the residuals in Tables VI.15 and VI.16
did not indicate any correlation between the residuals and
the size of ki or 1n ki or between the residuals and the
corrected acid: spar ratio.

More significantly, examination of the residuals of
the batch reactor data points indicates that the overall

Arrhenius equation does adequately fit these points.

By least squares fit of the non-linear Arrhenius

equation to the batch reactor and continuous reactor data

simultaneously, the following equations were obtained:

~ - 16400 1 1l
k. = 0.247 exp <—- T > (vi.26)

9 R T 809.9
for model 9.
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. (- 15200 /1. 1 ‘
ko= 0.166 exp <\- (vi-27)
R T 809.9

for model 10, and

%.. = 0.41%4 exp (vi-28)

-~ 15900 /1 _ 1
)

R T 809.9

for model 11. Using least squares for the linearized

Arrhenius equation the equations were

N | - 17900 ,1 _ 1
k. = 0.23%4 exp <-— ‘) (Vi-29)
9 R T 809.9

for model 9,

A , {-— 16100 / 1 1
ko = 0.161 exp <— - (VI-30)
L R T 809.9

for model 10, and

A - 172001 _ 1 N
kll = 0.396 exp (L- i) (VI-31)
R T 809.9

for model 11.
The log of the apparent rate constants vs. 1/T plots,
with the various regression equations obtained by the

least squares fit of the linear and non-linear models are
. |
shown in Figures VI.6, VI.7, VI.8, VI.9, VI.10 and VI.1l.

E. Predicted Conversion Errors. i

Having estimated the parameters for the non-linear

‘and linearized Arrhenius equation by least squares, it was
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4

appropriate to determine hPW well the rate equations,ﬁsing
the rate constants calculated from the Arrhehius\equation
(with the appropriate estimated parameters), predicted the
conversion of spar in the continuous reactor runs ilA—lQA.
Again it was necessary to use the exit age distribution.
Calculation of the conversions was accomplished as outlined
in Appendix I.

The conversions obtained using models 9, 10 and 11 are
shown in Table VI.1l7. For this table the conversions under
columns 1, 2, 3 and 4 were obtained using the rate constants
from the Arrhenius equation whose paramegers were estimated
as follows

Column (1) 1least squares fit of the non-linear Arrhenius
equation to the continuous reactor data.

(2) 1least squares fit of the linearized Arrhenius
equation to the continuous reactor data least
squares fit of the non-linear

(3) least squares fit of the non-linear Arrhenius
equation to the continuous reactor and batch
reactor data

(4) 1least squares fit of the linearized Arrhenius
equation to the continuous reactor and batch
reactor data.

The variance of errors in Table Vi.l? was obtained

i
from the following equation ' g
. e\ 2 '
X_ . - X_.
? ( Bl Bl)

Variance = .Y) (VI-32)
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¥ = degrees of freedom = 7
xBi = observed conversions
A . .

xBi = predicted conversions

The standard deviation of the errors was the square
root of the variance. The largest standard deviation
obtained was 0.0124 (fractional conversion).

In order to determine if the variance calculated as
above was larger than expected, it was necessary to determine
the inherent errors due to sampling, analysis of the samples,
and deviaﬁion of the flow rates. |

Calculation of the extent of conversion of fluorspar
was based on the determination of the fluorine content of the
scrubber liquor sampies.

% CaF,, conversion

( g/1. of fluorine in scrubber liquor)

X (caustic liquor flow rate) X MW
CaF2

2 MWF

CaF,, into reactor (VI-33)

From replication of analysis of samples it was possible
to calculate the variance due to analysis as

2
S = 0.00620 (g./l. of fluorine)?
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with 176 degrees of freedom.

In addition to the analysis erfqr there was a sampling
error due to the inherent fluctuations of the reactor.
Because six samples were taken for each of the runs, the
variance due to sampling,g25 could be estimated. Its value

was determined to be

sg~ = 0.01068 (g./1.0of fluorine)2
with 94 degrees of freedom.

For each sample at least 2 replicate analysis were done
‘so that the variance due to analysis and sampling for each

(35)

sample,SFe,was

2 2 2
SF = SS + SA /n (Vi-34)

where n = no. of replicate analyses = 2

SF2 = 0.0137 (g./L. of fluorine)2

The standard deviétions of the spar and the scrubber
liquor feed rates were both estimated at 1%.

The fluorspar feed rate for ﬁost of the runs was about
500 g/hr. and the caustic liquor feed rate was usually 70.5
litres per hour.

For a variable, y,‘which is calculated from a function
. . . the variance of y may be estimated as

of X, X

3

XE’
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(33)

follows

so that for equation (VI-33) the ?elationship was

2 -~ 2
o ° {70.5 X 78/38} o |2.57 x 78/38
S = S : + S
XB F 500 SL 500 .
' 2
o {2.57 X 70.5 X 78/38
+ 8 -
SF 2
(500)
2 2 ,
where SSL = (70.5 X 0.01)" was the variance of the
scrubber liquor feed rate and Ssg = (500 X 0.01) 2
was the variance of the spar feed rate and
SX2 = 1.21 x 1073 (fraction conversion)2
B .
SX2 was the estimate of the variance of the conversions
B

calculated from one sample. However, the conversion for
each run was based on the average of six samples and
2 . . .
Sﬁ , the variance of the average conversion calculated using
B

six samples, was

2 2 _ -4
SYB = st /6-2.02x1o
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/

and S, = 0.0L42 . (fractional conversion)
B

The variance of the observed converions having been

estimated to be 2.02 X 10_4, it can now be compared with

the variance of errors of Table VI.l7. In this table the

n

largest variance of errors obtained is 1.545 X 10 @ which

is smaller than the Séﬁ value. ‘ |

An examination of the errors’(xBi - ;;i) doesvnot
indicéte a correlation between these errors and the corrected
acid:spar ratio.

From thisvana}ysis it may be concluded that there was
no lack of fit of models 9, 10 and 11 to the data and a
comparison of the variances (F ratio test) of table VI-1T7
indicated that none of the models could be assumed superior

to the others.

F. The'Factorial Experimental Design.

The objective in the factorial experiments was to

establish the effects of mixing speed, CaCO_, content, and

3
the fineness of the spar on the reaction. Factorial design
was preferred over the claséical one, at a.time experimental
design, as the former 'is generally more efficient. The
classical design is not readily applicable to situations where
large interactions between factors are possible. 2an

orthogonal experimental design is more practical because it

not only allows the experimenter to obtain an estimate of
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the effect of each factor but also to estimate the' effect

of the interactions between the factors.

1. Planning the design

The form of the orthogonal experimental design chosen
is dependent on the degree of the equation which one chooses
: . (8,17) ;
to estimate the rsponse surface. To start with, one
may assume that the response surface, in this case, can

be adequately described by the equation

k = k_cM"s® = —l ( l) 6
=k, exp - (VI—3 a)
. R \T T

where C = wt. % CaCO, content of the spar, M = mixing rate

3
(r.p.m), T = temperature (°R), S = mean partial diameter

of the spar, R = gas constant (étu/lb. mole OR), E =
activation energy Btu/lb.mole and ko’ ¢, m, and s are
constants. Equation (VI-36a) may be linearized by taking the

natural logarithm of both sides

ink = 1n ko+ cln ¢+ mln M+ sln s

- E {i _<€>} + (INTERACTION) (VI-36b)
R LT T _ .

and one could obtain estimates of ko’ m, ¢, s and E by
4-1 -

use of a 2 fractional factorial design requiring only

8 experiments. The resulting equation will be, of course,

highly empirical but at the same time provide for a linear
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approximation of the response surféce.

Due to the fact that each éxper%ment was expensive,
requiring a significant amoﬁnt of time and effort on the
part of the experimenter, and costly analysis of'the samples
by the lab at Arvida, it was decided to carxy out the least
numbexr of experiments possible. The 24_1 fractional
factorial design seemed to be a good choice. |

Originally, the factorial design was constructed about
the base point

T = 830°R, M= 10 r.p.m.and C = 5 % and the coded

factors X X

17 oo X3, and Xﬁ were chosen such that

Xl = - 1 M = 5 r.p.m
Xl = + 1 M = 20 r.p.m,
X, = -1 C = 3.5%
2
X, = +1 cC = T.14 %
X3 = -1 spar of normal fineness
X3 = + 1 spar ground to a greater fineness
X, = -1 T = 760 °R
X4 = 4+ 1 T = 910 "R

However, at 760°R (36OOF) the reactor could not be

operated much higher than 10 r.p.m because the slightly
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shorter residence times at the hidher mixing rate caused
the exiting solids to be too wet to be properly handled by
the solids out auger. Furtﬁermore, reactor operation at
5 r.p.m,was thought undesirable because, as was observed
in run 2F, the solids out flow rate fluctuated very badly.
In this run, little or no flow of solids for significant
time periods was observed. |

Subsequent analysis of the scrubber liquor samples
from run 2F indicated no unduly high fluctuations of the
fluorine content. Furthermore, there were no undue
irregularities in the tracer curve. However, by the time
the lab data was made available;the decision to change
the levels of the factorial runs had been made and the
experimentation had already been completed.

The new base point chosen for the o1 factorial
experimental design was T = 8680R, M = l9.8r.p.m.and.c = 5%.
The base point for temperature was chosen so that the low
temperature level was 83OOR (370°F) and the upper level was 9100R
(450°F), and the base point‘for‘mixipg raﬁe was chosen so

that 25 r.p.m.was the highest mixing speed and the lower

mixing rate was the log mean of 10 and 25 r.p.m..
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= ~1 M = 15.8 r.p.m.
= + 1 M = 25 r p.m.
= -1 C = 3.5%
= + 1 cC = T7.14 %
= -1 regular spar (Newfluor A and B)
= + 1 reground spar (Newfluor Af ard BF)
= -1 T = 830 °Rr
= +1 T = 910 °r
~ 1n(M/19.8)
= . (vi-37)
(Ln (25/19.8))
1n ¢/5.0
= (vi-38)
1n(5.0/3.5)
- - (1/T - 1/868)
= (VI-39)
S
830 868

factorial design was as follows.

X

-1
+1
-1
+1
-1
+1
-1
+1

X5 | x3 X, = X1X2X3
-1 -1 -1
-1 -1 S+l
. +1 -1 +1
+1 -1 -1
~1 +1 +1
-1 +1 -1
+1 +1 -1

+1 +1 -+l
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The approach used for the design of the experimental
scheme was discﬁssed thoroughly by Box and Huntexr (7) and
the method of analysis of the factorial design experiments
may be found in most applied statiséics tests. (2,7,11,1%,17,35)
In the above experimental design the effects of factors

Xl’ X and X4 may clearly be determined but the

27 %3
interaction effects i.e. X1X2 , 'x2:x3 etc, are confounded
with one another. This point will become more apparent as
the analysis of the experimental scheme is discussed.

The equation which was to be fitted to the data Qas

[»

(Ink).= Ink + mln M + cln C+ sln S

E (1 1 |
- - {— - <—>} + (ERROR) (vi-40)
R LTy T | |

.

2. Analysis of Factorial Runs Data

The apparent rate constants for runs 1lF - 10F were
determined by the method outlined in Appendix I. Table VI.1l8
contains the variables and the coded variables, the average
conversions, and the apparent rate constants for the runs
1F - 10 F.

In Table VI.1l9 are shown the coded variables with the
natural logarithm of the apparent rate constants.

Before considering the analysis of the factorial
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experiments it may be recalled that in the A runs there was

a measure of the variance of the natural ldgarithm of the

apparent rate constants due to pure error. These S;,In(k)
values were reported in Tables VI.10 and VI.11l.

Details of the analysis of the factorial design
experiments are not included in this thesis to conserve
space.

In Table (VI.20) are shown the results of the factorial
experimental design analysis. (Recall that runs 1F and 2F
were not part of the factorial expérimental design). The
mean difference values or mean gffect of the factor is the
average changeof theln k value with a change in the factor
level from -1 to +1 I

eg. for the factor X1 + X2 XS X4 the mean effect is

(2ad + ab + ac + abed) - ( 1 + bd + ¢ + bc)

(VI-41)
3

The change in the In k value is, at least in theory, due to

plus the interaction effect
|
X, X, X In practice however, it is very unlikely that a

2 73 "4
three factor interaction would have an effect on the system

(2,7,8,11,14,17)

the effect of change in Xl

But, for the case where the mean effect
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is due to a two factor interaction such as Xl x2 + X2 X3
the statistical analysis of:the'data must often be fused with
the judgement of the experi&enter. .

In any case, it must first be determined whether the
mean effect of the factors is greater than that expecteé
by pure chance i.e. significant. ‘Although this can most
directly be accomplished by conduéting t tests on each
mean effect to determine if it is significantly larger than

zZexro (14) it is more expedient to use the Analysis of

(2,11,14,17)

3

Variance method.

The Analysis of Variance Table is shown as Table VI.21.

The mean sqguare values are easily calculated as

2
MS (MEAN EFFECT) (VI-41)

2

and are the contributions to the total va;iance by the effect.

The F test or variance ratio test is a test to determine
if the variance of In k due to a factor is'significantly
larger than that expected by chance alonef

F(1,6,0.95) = 5.99, F(1,6, 0.975) = 8.81 and F(1,6,0.99) =
13.75. |

The results in Table VI.21 indicate that, as expected,
temperature has a very strong influence on the apparent

rate éonstant. It also turns out that the calcite content
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of the fluorspai alsd has a very significant favou;able
influence. Although the effect of increasing the mixing
rate is slightly favourable the analysis of variance
indicates that it is not statistically significant at the
5% level of significance. At the same time, the spar
fineness, within the range studies, does not have any
significant effect on the apparent rate constant. The
interaction effect Xl X2 + Xs Xﬁ may be classified as
statistically margihaliy significant and will be explored
further by grouping the data as shown inATable vIi.22.

In this table the data are grouped according to the
calcite content of the spar and temperature, bearing_in
mind that the spar fineness doeg not significantly influence
the apparent rate constants observed. B§ grouping the data in
this fashion one notes that the apparent rate constants do
not vary to any large degree with increased mix;ng when the
Caco3 content of the spar is 7.1% %. With the CaCO3 content
at 3.5%, however, the apparent rate constants increase very

sharply when the mixing rate is 25 r.p.m.

One may hypothesize the reasons for this result on the

!
!
'

basis of the physical phenomenon. i

When the CaCO3 content of the fluorépar is relatively
low (3.5 %) the blending action produced by the foaming

‘may be insufficient to produce homogenous mixing of the

t

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



.‘ 93
reactants. At the same time, the stirrers may not have served
to enhance the blending unless they rotated at relatively
high speeds i.e. 25 r, p.m.. At rotation speeds lower than
25 r. p.m.the stirrers may well have served only to agitate
the macroscopic mass rather than blend the reactants. If
Ehe CacCo conten£ of the spar is augumented, the resulting

3

blending action is more extensive and the higher rotation of
the stirrers is unnecessary.
The above hypothesis would explain why the interaction

term Xl x2 + X3 X4 is statistically marginally significant.

It can be ascribed as due to the contribution of Xl X2

(mixing X CaCO, content). Thers is no reason to expect an

3

interaction effect due to spar fineness and temperature,
since the effect due to spar fineness is negligible.
At this point it would seem logical to attempt to fit
the data to an equation of the form
' - E [1 = 9
(In k), = In(k_) + c 1n (Ci) - |- (—)
) RTi T

(Vi-42)

+ I'm + €
i

|
|
where I =0 if C = 7.14 % or MK25 r.p.m,and I = 1 if

C=3.5%and M = 25 r, p.m.. The coefficient m attempts to

account for the increase in the ln (k) values when the mixing
|
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'
rate is at 25 r.p.m. and the calcife content of the spar
is 3.5 %. Equation (VI—12) is not continuous with respect to
the mixing parameters because as was noted in Table VI.22
an increase in mixing did not alter the apparent rate constant
until the mixing rate was raised to 25 r.p.m.

Use of least squares to estimate the non-linear moael
parameters is inappropriate because the factbrial experimental
design is useful only for approximation of parameters of
inherently linear equations.

Table VI.23 shows the least squares estimate of the

linear model parameters with the data of the factorial

experiments only. The parameter estimates in Table VI.24

were obtained by least squares fit of all the apparent rate
constant values (continuous and batch reéctor).
The results show that the apparent activation energy
estimates in Table VI.23 were_not'significantly different
from those in Table VI;12 and Table VI.24. This.indicateé
that the estimation of the parameters is quite accurage by
use of only eight experiments in which four factors are varied.
The final equations correlating the:apparent rate

constants to the temperature, CaCO_ content of the spar,

3 3
and mixing, are model 9;‘ﬁ9 = 0.0644 Cl'?lz .mL-0-122
- 1741011 | |
exp { 7 {_ _ 1 J (VI-43)
R T 809.9 :
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A R ~15810F1 - 1
model 10; klO = 0.051400'888 - M 0.116 exp [—- —_
' R T 8099
(VI-44)
”\ - - -—
model 11; kll = 0.115CO.964-. MI 0.120 exp 1677C>[i L ]
R T 809.9
(VI-45)
where I = O if C = 7.14 S ox M<25 r pm
and I =1 3if Cc=3.5% and M = 25 r, p. m..

The variance of residuals SR2 values in Table VI.23
and VI.24 are smaller thgn the S:,ln(kyalues indicating that
the errors are notsignificant , and examination of the
residualé of ?able VI.25 indicated that they were randomly
distributed and not correlated éo corrected acid: spar ratio
or the siée of the apparent rate constants. |

As was done for the A runs, the predicted convefsions
were calculated using the reaction rate models combined with
equations (VI-43), (VI-44) and (VI-45). The predicted
conversions obtained are shown in Table VI.26. The standard
deviations of the errors are 0.00875, 0.00934 and 0.00892
(fractional conversion) for models 9, 10 and 11 respectively.
These standard deviatiens are lower’than the Sié (the

standard deviation of the observed fractional conversion

based on an average from six samples) value of 0.0142
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previously evaluated. This indicates that no lack of fit
of the models is detected. ;Furthermore, because the
standard deviation of the errors in Table VI.26 are not
significantly different from one another (F ratio test),
there is nb basis for assuming that any one of the models

is better than the others. ;
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TABLE VI.1 Fluorspar Compositions

% by wht.
NEWFLUOR NEWFLUOR
A B
CaF, 93.9+ 90.36
caco, 3.5 7.1%
sioe' 1.4y 1.38
0.1 0.096
R203 | )
Mean Particle 27TW 27w
Size
NEWFLUOR AF -~ Newfluor A Reground to A Mean Particle

size of 8u
NEWFLUOR BF - Newfluor B Reground to a Mean Particle

size of 8u
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TABLE VI.2 Run Parameters for the Continuous Reactor Runs with Mixers at 10 r.p.m,
Using Fluorspar Newfluor - A
Run | Acid Spar Temperatures (OF) Acid:Spar | Per Cent | Caustic ] Solids Transfer
No. | Feed Rate | Feed Rate Ratio Acid Liquor Out Line
(g/hr.) (g/hr.) Inlet | Centre| Outlet| As Fed Boiloff Feed Flow Sludge
Rate Rate Flow
(1/hr.) {(g/nr.) Rate
(g/1.)
1A | 575 463 290 300 300 1,0096 1.15 57.0 816 0
12a | 582 470 360 370 370 1.0079 2.00 70.5 822 0
13a | 648 496 300 300 300 " | 1.0632 0-90 70.5 916 0
14a | 592 507 300 300 300 0.9502 1.01 70.5 +| 890 0
15 | 579 hos 370 375 375 0.9519 233 70.5 832 0
16a 619 504 450 450 450 0.9995 12.79 70.5 816 62.5
17a | 642 495 450 | 150 450 1.0555 8.24 70.5 852 32.1
182 | 642 496 370 | 370 370 1.0533 4.28 | 70.5 879 14,15
192 | 580 %94 %50 %50 450 0.9547 8.22 76.5 851 - 31.82

60T
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TABLE VI.3 Run Parameters for the Continuous Reactor Factorial Runs
Run | Acid | Spar | Temperatures (OF) Acid Per Cent| Caustic Solids | Transfer
No. | Feed | Feed Spar Acid Liquor Out Line
Rate Rate Inlet | Centre | Outlet| Ratio i Boiloff Feed Rate Rate Sludge
(g/hx.)| (9/hr.) As Fed (Litres/hr.)l (g/hr.)| Flow Rate
(gv/nr.)
1F 617 500 ¢ 370 370 370 1.004 2.71 70.5 882 2.4
oF 614 501 450 450 450 1.004. 7.04 T70.5 773 25.0#
3F 615 502 450 450 450 1.007 8.80 70.5 832.9 33.78
g 612 500 370 370 370 1,002 2.56 70.5  ~ 872 2.36
5F | 610 | 499 | 450 | 1450 450 | 0.99% 4.36 70.5 821 14.68
6F 611 | 499 | 370 | 370 370 0.9957 2.20 70.5 863 0
TF 615 500 450 450 4150 1.008 T.14 70.5 825 33.1
8F 614 502 570 370 370 1.005 1.63 70.5 853 0]
oF 610 4ot 365 365 365 0.998 2.80 70.5 84y 6.56
1OF 620 498 450 450 450 1.006 11.42 70.5 810 L8.66

o1t
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TABLE VI.3 Con't

Run Mixing Spar Mean Temperature| Fluorspar
No. Rate Calcite | Particle o Type
(r.p.m) | Content | Diameter of (°F) :

. Spar

% by wt. | (tn Microns)
1F 20 3.5 27 370 Newfluor A
OF 5.05 7.14 27 1450 Newfluor B
3F 15.8 T.14 27 450 Newfluor B
Ly 25 T.14 27 370 Newfluor B
5F 15.8 3.5 8 450 " Newfluor AF
6F 25 3.5 8 370 Newfluor AF
7F 25 7.14 8 450 Newfluor BF
8F 15.8 7.14 8 370 Newfluor BF
9F 15.8 3.5 27 365 NewFluor A
1OF 25 3.5 27 450 NewFluor A

11T
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TABLE IV.4, Fractional Age Distribution of Solids

Leaving Reactor (E(t)At)i

(E(t)(At))i Values
Time »
Interval Run 11A Run 12A
(min)
0-5 0.1221 0.08268
5-10 0.2798 0.22774
10-15 ' 0.1918 0.23075
15-20 0.1042 0.17607
20-25 0.0633 0.09187
25-30 0.0599 0.03003
30-40 0.0386 0.07713
40-50 0.0232 0.02688
50-60 0.02414 0.03126
60-T70 0.0169 0.01561
70-80 0.0129 0.00747
80-100 0.0201 0.00250
100-120 0.0059 0
120-140 0.0059 | 0
140-160 0.0108 0
160-180 0.0097 0
180-200 0.0083 0
200-220 0.0063 0
220-240 0 0
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(E(t)At)i~Values

Time

Interval

(min) Run 132 | Run 14A | Run 15 A | Run 16A | Run 17A | Run 18a
0-3 0.0068 | 0.0638 0.0008 0.0035 0.0008 | 0.0219
3-6 0.2211 | 0.2778 0. 0668 0. 0264 0.0791 | 0.1745
6-9 0.1214 0.1152 0.0648 0.1003 0.1322 | 0.1441
9-12 0.0709 0.1029 0.0805 0.2699 0.1512 | 0.1313
12-15 0. 0944 0.0760 | 0.0910 0.1670 0.0698 | 0.0710
15-20 0.1434 0.0991 0.1449 0.1365 0.1611 | 0.1216
20-25 0.0695 0.0712 0.1274 0.0923 0.0790 | 0.0601
25-30 0.0811 0.0597 0.10967 0.0516 0.0485 | 0.0546
30-40 0.0763 0.0427 0.1116 0.0796 0.1058 | 0.0989
40-50 |o.0344 | 0.0281 | 0.0677 0.0363 | 0.0564 | 0.ou2k
50-60 0.0265 0.0511 0.0251 0.0181 0.0361 | 0.0338
60-70 | 0.0127 0.0123 0.0241 0.0121 0.0187 | 0.0169
70-80 0.0072 0 0.0373 0.0068 0.0154 | 0.0177
80-100 |0.0217 0 0.0457 0 0.0222 | 0.0059
100-120 | 0.0080 0 0.0026 0 0.0193 | 0.0053
120-1%0 | 0.0046 0 0 0 0. 0069 0
140-160 0 0 0 0.0126 0
160-180 0 0 0 0 0.0054 0
180-200 0 0 0 0 0.0084 0
200-220 0 0 0 0 0.0018 0
220-2240 ) 0 0 0 0.0052 0
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TABLE IV.4 Con't

Time (E(t)(At)); values

Interval

(min) Run 19A | Run 1F |Run 2F | Run 3F |Run 4F | Run 5F
0-3 , 0.0142 0.0179 | 0.0 0.0197 0.0097 | 0.0237
3-6 0.0594 0.1041 | 0.0179 | 0.0949 [0.0836 | 0.0532
6~9 0.1338 0.1414 | 0.1265 0.0715 0.1401 |O0.14k2
9-12 0.1381 0.1157 | 0.1220 { 0.0803 [0.1877 | 0.1475
12-15 0.1045 0.1022 [ 0.0838 | 0.0826 |{0.1099 |0.093%
15-20 0.1237 | 0.1899 |0.1222 | 0.1893 |0.1152 |o0.1u47
20-25 0.0953 0.1056 | 0.1090 | 0.0975 [0.08501|0.0763
25-30 0.0854 0.0595 {0.0849 | 0.0864 {0.1061 |0.0796
30-40 0.1265 0.0623 {0.1240 | 0.1051 0.0766 0.0697
40-50 0.0663 0.0350 | 0.0960 0.0423' 0.0370 |0.0356
50-60 0.0247 0.0165 |0.0276 | 0.0391 [0.0161 |0.0262
60-70 0.0649 0.0247 10.0243 | 0.022% 0.0096 0.0209
T70-80 0.0171 0.0136 | 0.0134 | 0.0143 [0.0067 {0.01802
80-100 0.0046 0.0116 |0.0222 | 0.0146 [0.0094 [0.0113
100-120 0 0.0097 |0.0196 |0.0035 |0.0142
120-140 0 ‘ 0.0065 |0.0088 [0.0038 |0.0139
140-160 0 0.0048 | 0.0055 0 0.0114
160-180 0 0.0051 }0.0059 0 0.0089
180-200 0 0] l 0 0.0073
200-220 0 0) | 0 0
220-240 0 o) ! 0 0
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Time (E(t)At)i Values

Interval

(min) Run 6F | Run 7F | Run 8F | Run OF | Run 1OF
0-3 0.0363 0.0779 0.0044 0.0237 0.0288
3~-6 0.1267 0.1703 0.0564 0.0589 0.1506
6~9 0.178% 0.1874 0.1219 0.0925 0.1751
o-12 0.1074 0.1471 0.1107 0.0878 0.0996
12-15 0.0948 | 0.1089 0.1412 0.1486 0.1022
15-~20 . 0.1149 0.1062 0.1303 0.1222 0.1119
20-25 0.0868 | 0.0768 | 0.1131 | 0.1015 | 0.0756
25-30 0.0599 0.0646 0.0676 0.0614 0.0591
30-40 0.083% 0.0223 0.1228 0.1131 0.0806
40o-50 - 0.0459 [ 0.0258 0.0398 | 0.0482 | 0.0552
50-60 0.0254 0.0126 0.0307 0.0256 0.0291
60-70 0.018% 0 0.0198 0.0480 0.0226
70~-80 0.009% 0] 0.0223 0.0215 0.0057
80-100 0.0071 0 0.0141 0.0085 0.0038
100-120 0.0049 o) 0.0047 0.0076 0.00
120-140 0] 0 0 0.0129 0.0
140-160 0] 0 0 0.0082 o)
16Q—180 0] 0] @) 0.0050 0
180-200 0 0 0] 0.0045 0
200~-220 0] 0 o 0] 0
220-240 0] 0 0 o) O

-
.
P
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TABLE VI.5 Batch Cdnversion - Time Data
250 F 300°F 350°F
Time of Fractional Time of Fractional|| Time of | Fractional
Sampling Conversion Sampling Conversion|{] Sampling | Conversion
(minutes) of CaF, (minutes)| of CaF, (minutes ) | of CaF,
1 0.2871 1 0.3747 1 0.5426
2 0.3826 1 0.4358 1 0.5989
3 0.5148 2 0.4274 2 0.5621
3 0.4903 2 0.5627 2 0.6604
L 0.4703 3 0.6256 3 0.6548
Y 0.4736 h 0.5724 3 0.7132
h 0.4681 L 0.6001 3 2/3 0.6877
4 0.4847 y 0.6178 4 0.7221
4 0.5119 B 0.6193 5 0.7418
6 0.5351 6 0.6690 T 0.7686
6 0.5609 6 0’6339, 9 0.7913
6 0.563L 8 0.6694 11 0.7919
8 0.6046 8 0.6614 16 0.8219
8 0.6205 10 0.6982 16 2/3 0.7947
8 0.6433 10 0.7202 21 2/3 0.8607
10 0.6437 10 0.7238 25 0.8T741
10 0.6234 10 1/3 0.7019 31 2/3 0.8891
14 0.6796 14 0.7372
14 0.6822 13 0.7196
18 0.7709
18 ~ 0.739% ,
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TABLE VI.6 Least Squares Analysis of Models Using Batch Data

Model | Temp. | 95% Confidence | Correlation| Mean Square \/ F(b)
Interval of Coefficient About Ratio
[e] Apparent Rate of Regregsion
F Constant Ivs., t Mséa)
R
9 {250 | o0.0459 % 112 | 0.9748 0.000904 [18] 1.01
300 | 0.0955 ¥ 122 | 0.9602 0.001030 | 20| 1.14
350 | 0.2558 ¥ 14% | 0.9603 0.00080% |16] <1
10 | 250 | 0.0381 % 9.6%4 | 0.9748 0.000739 |18]| <1
300 | o0.0748 ¥ 124 | 0.9597 0.001081 |20]| 1.21
350 | 0.188 T 8.9% | 0.9762 0.001006 |16/ 1.12
11 | 250 | 0.08% I 11% | 0:9749 0.000824 |18] <1
300 | 0.171 T 122 | 0.9602 0.001032 |20 1.1%4
350 | o.My X 1% | 0.9721 0.000857 |16| <1
250 | 0.0880 ¥ 13% | 0.9573 0.00518 18| 5.78 @
6 ‘| 300 | o0.130 I 22 | 0.9276 0.01203 20 |13.21(2)
3
350 | 0.273 I 2u% | 0.9722 0.01171 16 [13.05(%
7 | 250 | o0.0211 % 7.4% | 0.9693 0.000699 |18 <1
300 | 0.0348 ¥ 14% | 0.9us2 0.002705 | 20| 3.02 @
350 | 0.0747 T 22 | 0.9772 o.ooke75 | 16| 1.76@
2 i
(a) Msyp = T(Xp - %p)"A !
(b) F = MS /sE !
SE = 0.000897 with 23 degrees of freedom
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!

TABLE VI.7A Least Squares fit of the batch data apparent

rate constants to the non-linear Arrhenius equation

t
'

82
Model E kT R
: -3 _2 Varlance of ReSLduals
(Btu/1b mole) X 10 (min } E: (n—p)
e 22.19 0.102 1.431 X 10 4
10 20.52 ' 0.0775 8.61 X 107°
11 21.48 0.176 y.544 x 107"
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TABLE VI.7B Least squares fit of the batch data

Model

10

11

apparent rate constants to the Linearized

Arrhenius equation

E

(Btu/1b mole) X 1073 (min"?! x

19.53
18.15
18.94

k \
T

0.104
0.0812

0.185

Correlation

Coefficient Si
—2) Variance of
Residuals
Y (In k, -
n A1'2
T onk)%/

(n - P)

-0.9924 0.02235
~0.9920  0.02044

~0.9922 0.02158
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TABLE VI.8 Average Conversion of Spar and Apparent Rate Constants for A runs

Run Temperature | Observed Corrected Apparent Rate Constant Values
No. O Average Acid: Spar

Conversion Ratio

of CaF2 Model 9 Model 10 Model 11
112 300 0.7463 0.9982 0.123 0.0874 0.211
13A 300 0.7683 1.0551 0.105 0.0731 0.178
14A 300 0.6919 0.9403 0.127 0.0948 0.222
123 370 0.8431 0.9873 0.428 0.266 0.698
15A 370 0.7886 0.9308 0.283 0.188 0.4711
18a 370 . 0.8249 1.0080 0.281 0.1812 ~ 0.464
16Aa 450 - 0.8026 0.8728 0.798 0.508 1 1.306
17a 450 0.8766 0.9654 0.T749 0.432 1.185
1loAa 450 0.8019 0.8749 0.726 0.469 1.195
BATCH 250 - 1 0.0459 0.0381 0.08%0
BATCH| 300 - 1 0.0955 | 0.0748 0.171
BATCH 350 - 1 0.256 0.188 O.444

021
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TABLE VI.Q

Model

10

11

I.east squares fit of the continuous reactor data apparent

rate constants to the non-linear Arrhenius equation

95% Confidence Interval

of Parameters
E k

2

S

R
Variance of

Residuals

* (Btu/1b mole) X 1070 (min © x "% Y(x,%,)?
Qe

16.2 £ 3.37 0.317
15.27 ¥ 3.35 0.206

15.8 ¥ 3,08

1+

'

0.524 ¥ 0.0860

n-p

2.559 X 1070

1.00 X 1079

6.66 X 10 3

"
g, %

Variance Due to
Pure Error

2.868 X 103

1.26 X 1070

7.60 X 105

et
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TABLE

Model

10

11

VI.1l0 Least square fit of the continuous reactor data apparent rate
constants to the Linearized Arrhenius equation
2 2
| Sy - Sg,1n X
95% Confidence Interval Correlation
of Parameters Coefficient Variance of Variance
E k Residuals Due to
-3 , =1 -2 " \2 .
(Btu/1b mole) X 10 (min X ) ) (1n k.-1n ki) Pure Error
i
n-p
17.02 ¥ 2.58 0.307 ¥ 0.0339 -0.9860 0.02121 0.02358
15.68 & 2.50 0.202 ¥ 0.0216 -0.9845 0.01990 0.0215
16.50 £ 2.53 0.5104 T 0.0554 -0.9856 0.02048 0.02310

éot
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TABLE VI.ll '"Least squares fit of the continuous reactor . and batch

reactor data apparent rate constants to the mnon-linear

Arrhenius equation

Model 05% Confidence Interval Si | Sg x
of Parameters ’
B ’ X Variance of Variance Due
T Residuals to Pure Error
‘(Btu/1b mole’) X 1073 (min_l'xfz) i&(kiJQi)a
n-p

9 16.4 T 2.m1 0.247 % 0.0371 1.92 x 1073 2.87 X 1073

10 15.2 ¥ 2.35 0.166 £ 0.0239 8.31% x 107" 12.6 x 10
11 15.9 ¥ 2.32 | 0.414 £ 0.0505 .5.008 x 163 7.60 x 1073

¥
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TABLE VI.1l2 TLeast squares fit of the continuous reactor and batch reactor

data apparent rate constants to the linearized Arrhenius equation.

2

: 2 2
Model 95% Confidence Interval Correlation SR SE ,in k
of Parameters Coefficient Variance of Variance
Residuals/\‘ Due to
. E | 3 kT_]_ i Ei(ln k.-lnk.)2 Pure Error
(Btu/1b.mole) X 10 (min Xx°) - = =
. n-p
| + + -2 -2
9 17.9 - 1.87 0.234 -~ 0.0206 -0.9891 2.121 X 10 2.36 X 10
+ - -
10 16.1 - 1.75 0.161 y 0.0133 -0.9883 1.990 X 10 2 2.15 X 10
11 17.2 % 1.79 0.396 & 2 2.31 x 1072

0.0335 -0.9892 ~ 2.048 x 10

el
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TABLE VI.13,

——

TEMP .
DEGR

760.0

76040

76040

830.0

830.0

83040

91040

910.0

91040

TABLE OF RESIDUALS FOR THE LEAST SQUARES FIT OF THE

APPARENT RATE CONSTANTS OF THE A-RUNS OF THE CONTINUOUS

REACTOR TO THE NON-LINEAR ARRHENIUS EQUATION -

MODEL 9

ACID=-SPAR
RATIO

9.9820E-01
1+0551E+00
944030E~01
é.873OE—Ul
9.3080E-01

10080E£+00

8.7280E£-01-

9.6540E~01

8.7490E-01

OHSERVED
RATE
CONSTANT

1 e2344E-01

1.0523-01
162723E-01
4.28355—01
28306E~-01
28140E-01
79799E~01
T7e4924E=-01

7¢2607~01

PREDICTED
RATE
CONSTANT
13037E~01
1+3037E~01

1¢3037E-01

32127€~-01

3.2127E~01
7+5983E~01
7+5983E=01

7+59833E~-01

ERROR IN
LINEAR TERMS

~649357E~03
~245145E-02
~-3.1457E-03

140707E-01
~3.8212E-02
~3.9872E-02

3.8154E~02
~1.0595E=02

=3.3765E=-02

G2t
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TABLE VI.l%,

TEMP
DEGR
76040
76040
76040
83040
83040
830.0
9109
910.0

91060

RATE CONSTANTS OF THE A-RUNS OF THE CONTINUOUS REACTOR TO THE

LINEARIZED ARRHENIUS EQUATION

MODEL @9

ACID~SPAR
RATIO
9.9820E-01
1.0551E+00
Qe4030E-01
9.8730E-01
943080E-01
1.0080E+0C
8+7280E-01
9.6540E-01

B847490C~-01

RATE

CONSTANT
1+2344E=01
1.0523E-01
1.2723E-01

 442835E-01
2e83006E-01
2.8140E-01
7.9T99E~01
7.4924E~01

72607E-01

LN(K)

~2¢0920E+00
~2¢2516E+00

~20617E+00

~8.4781E-01

-1¢2620E+00
-1e2679E+00

—~22565E=01

-2.8869E-01

=32010£-01

LN(K)
PREDICTED
-2.17905+od
=24 1 790E+00
-2+ 1790E+00
~1+1815E+00

-1«18135E+00

~1+1815E+00

=2¢2933E-01

=-2+2933E~01

—~22933E-01

TABLE OF RESIDUALS FOR THE LEAST SQUARES FIT OF THE APPARENT

ERROR IN
LOG TERMS
8+7090E-02
~T7e¢2516E~02
1¢1733E-01
343369E-01
~-840591E=-02
=-846473E-02
3¢6761E=-03
—5.§360€-02

-940773E-02

gel
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TABLE VI.15,

TEMP .
DEG.R

76040
76040
76340

830.0
8300
8300

91040
9100
91C.0

71060
76060
8100

~TABLE OF RESIDUALS FOR THE LEAST SQUARES FIT OF THE APPARENT

" RATE CONSTANTS OF THE A-RUNS OF THE CONTINUOUS REACTOR AND THE

BATCH REACTOR TO THE NON-LINEAR ARRHENIUS EQUATION

MODEL ¢

ACID=SPAR
RATIO

G.9820E~01
10551E+4+00
944030E~V1

9.8730E~-01
9.308B0E-U1
1 «0080E+Q0

87280E~01
9.6540E~01
Be7490E~-01

1.2000E+00
1 «0000E+00
1.000CE+00

OBSERVED
RATE
CONSTANT

1e2344E~01

1.05232~01.

1e2723E~01

442835£~01
2.830612-01
248140E-01

T e9799E~01
7 e4924E~01
7+2607E-01

4 455940£-02
9« H500E~-C2
2¢5580E-01

PREDICTED
RATE
CONSTANT

1e2641E~01
1¢2641£-01
1e2041E-01

31678E-01
3.1678E-01
31678=—-01

7+6130E-01
7.6130E~01
7.6130E-01

5¢8706E-02.

1.2641E=01
2.4763E~01

ERROR IN
LINEAR TERMS

~2¢9793E-03
-2¢1189E~-02
Be1069E-04

le1156E-01
-3e3726E-02
-3+5386E~02

36688E~02
=1.2061E£-02
=3e5231E-02

~1e2766E~02
=~3.0919E~-02
8¢ 1629E-03

TE€T
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TABLE VI.16,

TABLE OF RESIDUALS FOR THE LEAST SQUARES FIT OF THE

APPARENT RATE CONSTANTS OF THE A-RUNS OF THE CONTINUOUS

REACTOR AN THE BATCH REACTOR TO THE LINEARIZED

ARRHENIUS EQUATION

MODEL 9
TEMP« » ACIV=-SPAR
DEGeR RATIO
76040 7e¢9820E~01
7600 1.0551E+00
76000 9.40305-01
830.0 9.8730E-01
830.0 9.3080E-01
-B830 0— -1 0080E+00
Q10,0 F¢6540E~-01
210.0 8¢7490E-01
710.0 1.0000E+00
7600 1.0000E+0O
810.0 1 «0000E+OQ

RATE
CONSTANT

1e2344E-01
1.0523E~01
1¢2723E-01

442835E-01
2.8306E-01

2.8140E-01---

79799E-01
Te4924E~01
72607E-01

4 ¢5940E-02
9 «5500E-02
 2.5580E~01

LN (K)

—2+0920E+00
—=2:2516E£+00
~-2¢0617E+00

-8+4781E-01
-12620E+00

~1e2679E+00

—2¢2565E-01
—2+8869E-01
-3.2010E-01

~3.0804E+00
—-2¢3486E+00
~1«3633E+00

LN(K)
PREDICTEDL

—2¢1158E+00

-2+1138E+00
-2¢11582+00

-141652E+00
-1.16522+00
-1e1652E+00

~2+5800E~-01
-2¢3800E-01
-2+5800E-01

~2+¢9095E+00
-2.1158E+00
—-1e4201E+00

ERROR IN
LOG TeRrRMS

2 3856E~-02
~1e3575E-01
Se 4098E~02

3¢1747E~01

‘~9+6804E~02

-1.0268E~01

3.2342E~02
~3¢0694E~-02
~-6.2107E-02

~=1+7083E=01
~2¢3277E~01
5¢6758E=~02

®ET
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TEMP o
DEGR

76040
7600
T6C«0

830.0
8300
83C.0

310.0
G10.0
9100

71040

76040
8510.0

TABLE Viel6s

MODEL 1y

ACID~SPAR
RATIO

2.9820E-01
1e0551E+00
9.4035E-01

G.3720E-01
23080c-01
1.0080E+00

8.7280E-C1
9.6540E-01
Be7490E-01

1.0D000E+0D
10000400
1.0000E+Q0

CONTD «

RATE
CONSTANT

Be7400E-02
T«2100E~02
Q.4800E~-02

2.6591E-01
1e88CUE-01
1.81208-01

5.0750E-01
4.31872~01
446925E-01

3.8060E-02
744780E-02
1.8780E-01

LN (<)

~2¢4372E+00
—2.561592+00
—23559E+00

~1+3245E+00
=15713E+00
~17081E+00

-6+ 7825E-01
-B.39635~01
—7+56615-01

~3.25685E+00

—~25932E+00
~1e6723E+00

LN(K)
PREDICTED

~2e¢4831E+00
~2¢4831E+00
~2e¢4831E+00

—=145340E+C0
~1¢354340E+00
~1eZB4CE+0D

~7«2594=-01
=Te25345-01
~T7eZ594E-01

~3e2339E+00
~244831E+00
—-1e3251E+00

ERROR IN
LOG TERMS

4¢5913E-02
~143275E-~01
1¢2718E-01

2¢5949E~01
-8Be72172-02
—-1e2402£-01.

44 7690E-02
-1a1368E~01
~3.05670E-02

-3.4678BE-02
~1+10032~01
1e3274E~01

GET
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TABLE VI.18

Observed Conversion of CaF

5 and Apparent Rate Constants for Runs 1F-10F.

Run | Temperature| Mixing Per Cent |Fluorspar | Corrected| Observed Apparent Rat.e
No. OF Rate CacCo Used Acid:Spar| Conversion Constants
(coded r.p.m. Contént (Newsf 1uor)‘ Ratio of :
value) (coded | of Spar | (Fineness CaF, Model | Model | Model
value) | (coded Coded
value) value) o) 10 11
1F 370 20 .3.5 A (—l)‘ 0.9762 0.8117 0.279 0.1820 | 0.4603
2F 450 5.05 7.14 B (—l) 0.9329 0.8827 1.579 0.876 |[2.453
3F 450(+1) | 15.8(-1)| 7.14(+1)| B (-1) |0.9190 0.8669 1.637 | 0.938 |2.581
4P| 370(-1) | 25 (+1)] 7.14(+1)| B (-1) | 0.9766 0.859%4 0.611 | 0.364% |0.975
"5 F 450(+1) | 15.8(-1)| 3.5 (-1)] aF(+1) 0.9510 0.8582 0.714 | 0.426 |1.1%0
6 F 370(=1) | 25 (+1)| 3.5 (-1)| AF(+1) 0.9736 | 0.8399 0.487 | 0.303 | 0.792
T-F |  450(+¥1) 7| 25( (+1)| T.14(+1) | BF(+1) 0.9366 0.8507 1.417 | 0.857 |2.285
8 F 370(-1) | 15.8(-1)| T7.14(+1) | BF(+1) 0.9904 0.8787 0.616 | 0.356 {0,971
9 F 370(-1) | 15.8(-1)] 3.5 (-1)|a (-1) 0.9682 0.8155 0.251 | 0.163 |o0.413
10 F 450(+1) | 25 (+1)| 3.5 (-1)|A (-1) |0.8925 0.8182 1.005 | 0.637 |1.648

oHtT
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Run
No.

* 10F

3F
4y
5F
6F
8F
TF
1F
2F

~ TABLE VI.lQO

Design
Code ,
No.

ad

" bd

ab

ac
bc
abecd

Natural Logarithm of the Apparent

Obserxrved

Conversion

of CaF2

0.8155
0.8182
0.8669
0.8594
0.8582
0.8399
0.8787
0.8507
0.8177
0.8827

Corrected
Acid:Spar

Ratio

0.9682
0.8925
0.9190
0.9766
0.9510
0.9737
0.990%
0.9366
0.9762
0.9329

X

-1

+1
-1

+1

)

+1
-1

+1

%5

-1
-1
+1
+1
-1
-1
+1

+1

Factors

X3

Rate Constants with the Coded Factors

Natural Logarithm of Apparent
Rate Constant

Model 9

-1.3823
0: 00499

0.49286.

-0.4927
-0.3369

-0.7195
-0.4845

+0.3485

-1.2765°
+0.4568

Model 10

-1.814
~0.451
~0.0640
~1.0106
-0.8533
~1.19%
-1.0328

~-0.1543

-1.704
-0.1324

Model 11

-0.884
0.4996
0.94818

-0.0253

+0.13103

-0.2332

-0.0294
0.8264

-0.7765
0.8973

™HT



Table VI.20

Mean Differences of 1ln k

Factors Mean Effect of Factor
Model 9 |Model 10 | Model 11
mean 1ln k -0.3389 -0.82176 0.15411
X, + x2x3x4 0.21054 | 0.2377 0.2107
Xy + XXX 0.5T4467| 0.5119 0.5516
X3 + X1X2X4 0.046187 0.0257 0.03909
X, + Xix2X3 0.8971 0.8819 . 0.8943
X, X, + x:3x2‘L -0.28931 | -0.2718 |-0.2842
XXy + XXq -0.11427 | -=0.082% |-0.10203
xlX3 + XX, +0.01216 { 0.0304 0.02036
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Table VI.21

Analysis of Variance

(ESTIMATED FROM A RUNS)

Source of Variance Degrees Mean Square F Ratio MS/Sg 1n k
‘ of MS s 0
Freedom Model 9 |[Model 10 | Model 11| Model 9 |Model 10 | Model 11

X, (MIXING) 1 0.08865 |0.1130 0.0888 '3.76 5.26 '3.8%4
X, (SPAR Caco, | o o o

CONTENT ) 1 0.6600 |0.524 0.6086 27.97 24 .37 26.34
X, (SPAR FINENESS) 1 0.00427 |0.00132 | 0.00306 | >1 >1 >1
X, (TEMPERATURE) 1 1.6096 |1.556 | 1.5995 | 68.20° |72.37° |69.24°
XX, + X3X) . ] .
" (INTERACTIONS) 1 0.1674 [0.14775 | 0.1616 9.336 6.87 6.996
KEy XX :

( INTERACTIONS ) 1 0.02611 |0.0137 0.02081L | 1.106 >1 >1
X)Xy + X Xg

(INTERACTIONS) 1 0.0003 |0.00185 | 0.0008 >1 >1 >1
TOTAL SUM OF SQUARES 7 2.7447 |2.3572 2.483 a . Significant at the 5%
ABOUT MEAN ’ Level of Significance
VARIANCE OF PURE ERROR 6 0.0236 |0.0215 0.0231 b Significant at the 2.5%

level of Significance

¢ Significant at the 1%
level of significance

ent



TABLE VI.22 Regrouping the F Runs

Caco3 = 3.5% T =

Run Mixing
No. Rate
RPM
A runs 10
9 F 15.8
1F 20
6 F 25
Caco3 = 3.5% T =
A runs .10
5 F 15.8
10 F 25
'CaCOB = T7.14% T =
8 F 15.8
Ly F 25
Caco3 = 7.14% T =
2 F 5.05
3 F 15.8
T F 25

370°F

Apparent Rate Constant

Model 9§

0.312
0.251 °
0.279
0.487

450

0.772
0.71Y4
1.005
370°F

0.616
0.611

450
1.579

1.637
1.417

Model 10

0.205

0.1630
0.1820
0.3027

0.484
0.426
0.637

0.355
0.364

0.876

0.938
0.857

Model

0.513
0.413
0.%460

0.792

1.280
1.140
1.648

0.971
0.975

2.453
2.581
2.285

11

144

THE APPARENT RATE CONSTANT FOR THE A RUNS WAS TAKEN FROM THE

VALUE OF K PREDICTED BY THE LINEAR LEAST SQUARES FIT OF THE

ARRHENIUS EQUATION TO THE CONTINUOUS REACTOR AND BATCH

REACTOR DATA.
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Table VI.23 Least Squares Estimate of the Parameters of Equation (VI-}42)

" Model

10

11

from the Factorial Experiments Apparent Rate Constants.

95% Confidence Interval . .Correlation Sg Sg 1n k
of Parameters Coefficient _ ’
: V=1 Y=6
ko c CE-1073 ™
0.0492 1.158%0.322 16.83%3.52 0.502%0.265 0.9928 0.00912 0.0236
0.0343 1.077%0.226 16.5572.47 0.511%0.186 0.9962 0.00450 0.0215
0.0826 1.131%0.283 16.78%3.09 0.51080.233 0.9943 0.00705 0.0231

Nt
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Table VI.24

Model
X
9 0.064%4, .
10 0.0514
11 0.115

Least Squares Estimate of the Parameters of Equation (vi-42)
Using the Apparent Rate Constants of the A and F runs as

well as the Batch Reactoi:' Data.

05% Confidence Interval Correlation Si Sg 1n %
of Parameters Coefficients s 20
o . E-1073 n | vy=17 Vv =256
1.012%0.206 17.41%1.35 0.393%0.204 0.9930 0.0158 0.0236
0.888%0.196 15.81%71.29 0.374%0.195 0.9922 0.0143 0.0215
0.96470.199 16.771.30 0.38620.198 0.9929 . 0.0148 0.0231

i

oni
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VII DISCUSSION OF RESULTS

A, The Results

1. The Batch Reactor

In section VI of this thesis, a thorough
statistical treatment of the batch data established the

following three rate models as satisfactory correlations

for the entire range of the conversion-time data.

2 2 2/3 :
Model 9 _ffg = k9 *Bg (a - XB) (- XB) (vii-1)
' dt ) . 1l - (1 - XB)1/3 )
dx X, X2 (A - x )2(1 - x )1/3
Model 10 B = _10 Bo B B (VII-2)
” 1- (1- XB)1/3
ax k.. X2 (A - x )2(1 - X )2/3
Model 11 B = _11 "By B B (VII-3)

where Xp = moles of CaF2 per mole of calcium in the feed,
(o]
A = acid:spar ratio, Xn = fractional conversion of CaFe,

t = time (minutes), and k9, ky5» and k;, are rate constants
(min“l X-z) where X is the molar concentration in moles

per‘mole of calcium.

151
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The statis£ical treatment of the data, also indicated
that none of the three‘models can be considered as better
than the others.

It should be noted that the pseudo steady state

' solution for a heterogeneous reactiop the rate of which
is controlled by the diffusion of the liquid reactant
through the ash layer to the ﬁﬁreacted core, did not
aaequately fit the data. For that model, the concentration
of the liquid reactant on the ash perimeter is assumed
to decrgase in proportion to the amount of conversion

of CaF2. The model equation is

' o 1/3
Model 7 axp k7 Xp, (B - XB)(l B XB)

at 1~ (1- xB)1/3

= (VII—%)

2. The Continuous Reactor

The statistical treatment in section VI

also established that-the following equations
satisfactorily correlated all the apparent rate constants

obtained from the batch and continuous reactor data.

1.012  1-0.122 ~-17410 /1 1
k9 = 0.0644 c M . exp[L <_ - ) (vI-6)
' R T 809.9
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k. = 0.0514 ¢ 0-888  1-0.166 exp{-15810<1 1 ) (VIZT)

10 -

R T 809.9

11 -

. 809.9

'R

where I = O when C = 7.14% or M<25 r.p.m.

and I = 1 when C = 3.54 and M = 25 r.p.m.

mixing

3
speed (r.p.m.), R = gas constant (1.987 Btu/lb mole oR)

C = CaCO_ content of the fluorspar (wht%), M

and T = temperature (°R).

The three rate models, 9, 10, and 11, aloné with
the appropriate correlations of their apparent rate
constants (equations (VII-5)(VII-6) and (VII-T) respéctively),
were used to predict the conversions in the continuous
reactor runs. All three models yielded very good results,
and none of them could be considered és providing a better
fit than the others.

Analysis of the experimental‘data has demonstrated
the following; - i
i

(1) The factorial experimental design was very
efficient in yielding a great deal of iﬁformation with a

minimum of effort. In particular, with only 8 runs, in
i

‘
t
t
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‘
which 4 paraméters were varied, an estimate of the
activation energy was obtained which was as accurate as
that obtained with 9 runs, in which only 2 parameters
were varied.

(2) The activation energy values_Were.in the order
of 16,000 Btu/1lb mole, and were indicative of a diffusion

'‘controlled meqhanism.

(3) The rate of CaF, disappearance is proportional

2
to the square of the fraction of acid unconverted.
‘v(4) Calcium carbonate plays a ver} important role
in enhancing the reactivity of the spar. The reaction
velocity is approximately linearly proportional to the
CaCO3 content of thé fluorspar. '
(5) In the range of 5 to 20 r.p.m.; the variation A
in the mixing speed did not alter the reacﬁion velocity.

However, when the CaCO, content was 3.5% by wt., at 25 r.p.m. an

3
enhancement of approximately 50% was observed in the
apparent rate constant. This enhancement did not occur

3

wt. -

when the CaCO_ content of the fluorspar was 7.14%, by

i
i
]
|

(6) Fluorspar which was ground to approximately

thrice the fineness of the normally grouhd spar did not
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react with a greater velocity than the normally ground
spar. :
In the discussions that follow an attempt is made

to explain the above results on the basis of the

observed phenomena.

B. Interpretation of Results

1. Mixing in the Continuous Reactor.

a. The effect gf calcium carbonate content.

One needs only to refer to any one of the
many patents on the manufacture of HF from acid grade
fluorspar, to appreciate the difficulties encountered with
the formation of large lumps within the reactors. But,
aside from the run in which pure synthetic CaF2 was:
used as the fluorspar feed, the formation of large lumps
did not occur in the continuous reactor used in this
study. However, the solids leaving the reactor were
quite coarse (1/4 inch to 1/16 inch with some powder),
so that lumping or conglomération, per sé, was not
completely eliminated.

To understand how these lumps or granules formed

one must first consider what the situation could be if
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no CaCO3 is present.

When no Caco3 is present, the acid, on contact with
thé cold spar, does not easily penetrate, but rather
surrounds, a large conglomerate of unreacted f£luorspar
pParticles. As the particles on the conglomerate perimeter
begin to react, CaSOu crystals precipitate and bond tﬁe
particles together to form a lump. Further reaction
causes further binding of the maés. If the resistance
to diffusion is also significantly high, the mass interior
is largely void of acid, and the‘reaction proceeds’onli
with the particles on the perimeter of the conglomerate.
As the reaction continues, the diffusional resistance
increases.

When CaCO3 is present in the fluorspar, it reacts
vigorously with the sulfuric acid to evolve co, gas
bubbles, which, as they rise, cause agitation of the mass
and penetration paths in their wake. The gas ewlution
occurs quite rapidly and creates good mixing before a
significant amount of CaSO4 crystalizes out to bind the
solids together into a large inpenetrable lump. Thus,

the blending action enhances the formation of smallerx

conglomerates, in which the diffusion path is shorter.
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One may argue that HF evolution should also produce
the same effect described above. The reason why this
is not the case is that CaF2 does not react with

sulfuric acid with the same vigor as CaCoO Consider,

3.
that the spar coming into contact with the hot acid is
very close to room temperature. At this temperature

CaF_,unlike CaCOB,reacts slowly with the acid. Two

2)
experiments to prove this hypothesis were carried out.

In the first experiment, 24 g. of sulfuric acid at
200°F were added to 20 g. of pure synthetic CaF2 powder.
Although some bubbles of HF were evolved, no appreciable
frothing ensued. The acid, rather than penetrating into
the spar, lay on the surface for some time. In the
éecond experiment the conditions were the same as above
but the fluorspar was a composite of 95% by wht. pure

CaF,_, and 5% by wht.pure CaCO In this case appreciable

2 3°

frothing followed the acid addition and penetration of
the acid into the powder began almost immediately.

The amount of CO2 evolution at initial contact of

the reactants would likely be proportional only to the

CaCO,, content, and the mixing effect may be expected to

3

be directly proportional to the 002 evolution. An
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approximately first order dependence on the apparent

rate constant on the per cent CaCoO content, as

3
observed, was perhaps not an anticipated result, but it

can be easily explained as above.

b. Effect of mixing rate.

One might have expected that the mixing rate would

Play a prominent role in the reaction.

Howevexr, while mixing does always play an important
role in aiding the contact between the reactants as
they enter, and in enhancing heat transfer by maintaining
the Wall.deposits to a minimum, there is some guestion
as to the effect the mixing rate has at reducing the
Jump formation. In the run in which puré CaF2 was fed
to the reactor, lump formation was so prominent so as
to render the reactor inoperable. This indicated that
mixing at 10 r.p.m.was of little consequence in reducing
lump formation.

However, when the CaCO, content was 3.5% and the

3

mixing speed was increased to 25 r.p.m.thefe was an abrupt

increase in the reaction velocity (or the apparent rate

constant). This enhancement did not occur in the 25 r, p. m.

runs, in which the CaCO3 content was 7.1l4% by weight.

!
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The conclusion one may draw from these observations

is that a 3.5% CaCO_ content results in a significant

3

degree of micromixing, and further micromixing can

only be effected by application of a high shearing
action at 25 r, p.m.. With the CaCO3 content raised to
T.14%, micromixing is more extensive and only a much
greater shearing action than that produced at 25 r.p m.
would furtger enhance the blending. |

The reaction scheme which arises out of the above

discussions is illustrated in the Figure VII.l .

2. Effect of Fluorspar Size Reduction.

In the discussion entered into in the above, one
concluded that the size of the conglomerates can be

reduced by the presence of CaCO_, in the fluorspar. It

3
is unlikely that the micromixing is sufficiently efficient
to eliminate all conglbmeiate formation. If con-
glomerate formation had been eliminated the finexr spar
should have reacted with a greatei velocity than the
regular spar, since the mean path througﬁ which the

acid would have been required to diffuse .to reach the

unreacted core, would have been shorter. However, with
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liquid H2504_1ayer

CaSO4 and acid

unreacted particles behaving as
unreacted core
CaSO4 binding lump together

time

high acid concentrarion
on perimeter

CaS0, impregnated @
with HQSO4

unreacted particles \\\\§‘~",,//

time

FIG. VII.1l Reacting Scheme of Lumps
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the formation of conglomerates, whose sizes were

determined not by spar fineness but by the CaCO_ mixing

3

effect, the spar fineness, in the range studied, was not

a determining factor on the reactivity of the fluorspar.

C. Interpretation of Rate Equations

Budnikov and Ginstling (9) ih their studies of
crystalline reactions, fdund that when diffusion controls
the rate of reaction, the reaction velocity changes by
10 - 40% with a lOoé temperature change, but, if the
reaction is contrélled by the Chemical step, the reaction
velocity increases 2 - 4 times with a 10°¢ riseiin
temperature. The rate constants for ﬁhe three models
found acceptable in this investigation, did not vary by
more than L0% per 10°C rise, inthetemperature region
studied. In light of the discussion in section B, one
might expect diffusion control to refer to the diffusion
of sulfuric acid to the unreacted core, or, in this case,
the unreacted core of the COnglomgrate.

The pseudo steady.state solution of a diffusion
controlled unreacted core mechanism was considered in
the THEORY section. The equation arrived at, in that

section was
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, e /3
dxp _ 38D,Cqp (B - x5)(1 -.xp) (vII-8)
2 /3
dat CsoRp 1- (1 - xp)

The (A - xB) term was brought about by assuming that the
bulk phase concentration of the fluid'feactant, was
proportional to the amount unconverted. By grouping the

constants of equation (VII-8) and using molar rather than =

.

volumetric concentrations, the equation

. : 1
ax_ k7 X (& - x5)(1 - x5) /3

at 173 (Viz-14)

L=~ (1 - x5)

is obtained. However, the three models which were found
acceptable in section VII are not linearily dependent
on the fraction of acid unconverted. In particular,

equation (VII-2) below

. k Xg (A ~ XB)E(I - X 1/3
—~B= 10_0o 7 (VII-2)
at 1- (1-x,)"

is dependent on the square of the molar concentration

of unreacted acid.

Derivation of eguation (VII-2) from equation (III-5)
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of the theory, may be easily accomplished by assuming
that, in this case, the molar concentration of the
acid on the ash perimeter is dependent on the square

of the amount of acid unconverted. i.e.

2

2
B) |

X = BXBO(A-X

AR (vii-9)

where B is a proportionality constant. Because we are
déaling with a rather complex reaction mass in which
no liquid bulk phase exists, per se, the above assumption
may not be to£ally unwarranted. However, this approach
makes no attempt to consider thé physical phenomena which
‘may be occuring.

It has already been mentioned that the reactor
contents are, for the most part, incompletely reacted
dry granules which, are found to contain a significant
amount of acid. The acid may be present within the
solid phase in the form of precipitatgd CaSOLL.H2SO4(aS suggeste d
by Ostrovskii and Amirova (24)) or as entrained liquid.
Diffusion of the aciq toward the ﬁnfeacted solid ﬁay
occur by capillary action, but as the liquid content
decreases the capillaries would also ténd to retain the

fluid rather than transport it. Yet overall conversions
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of O7% or better are gquite common in industrial reactors
with acid: spar ratio addition close to unity.

A possible explanation for these observations is
a migration of sulfuric acid through the solid phase

by way of the following scheme.

HE(SOlIL) + Ca(SO ) Ca(1=.{so4)2

\:\ //\ (VII-10)

(so) + H2(SO )

The - ion exchange (H+ and ca’’ ion migration) would
| be from an afea of high concentration to one of low.
concentration; and using the.analogy to diff usion of
electrolytes in concentrated solutions, the diffusivity
could be proportional to the acid concentration at that
point (23).
With the above assumption, the Fick's law equation

would take on the following modified form,

_ oX
NA, ash /c::a ¥ 2 (vii-11)
or :

XA = molar concentration of acid as a diffusing

species in the ash (moles of acid per mole of
calcium) .
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—2 _ molar concentration gradient in the radial

or direction (moles of acid per mole of calcium/cm)

(oCa = moles of calcium per cm? of the ash layer

kD = coefficient (cm?/min.moles of acid per mole of
calcium)

N = molar flux of acid (moles of acid/bm? min.)

A,ash

A pseudo steady state mass balance on the ash layer

gives

2
' d r- X &
fFea® *p — < A ——§> = 0 (vii-12)

(vII-13)

r = rc XAc= 0

Equation (VII-12) may be solved, using the boundary
conditions, to obtain the concentration profile and the
rate of change in the radius of the unreacted core

(or the conglomerate), as
- dr kX r
¢ = _[ca’*p*arr L. -¢ (VII-14)
dat C r R
So "¢
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where R is the radius of the condlomerate, and Cgo 1S

the molar density of CaF, in the unreacted conglomerate

3).

core (moles/cm;

2

If, one now makes the further assumption that the
acid iS largely trapped within the ash perimeter, and
that its concentratién (on a mole per mole of calcium
basis) at the ash perimeter is linearily proportional

to the fraction of acid unconverted, then

Xpg T @ 'XBQ. (A - x3) (VII-15)

where o is a proportionality constant. Equation (VII-1}4)

166

may now be expressed in terms of the fractional conversion

as

2 2

2 1
dax 3 f%a L XBo (A - x5) (1 - xp) /3 (VII~16)

B =
2 - 1/3
at Cso R 1 - (1 xB)

If /3 , kD’ a, Cgq and R may all be assumed to be
Ca

constants, equation (VII-16) may be altered to the form

' 2 2 _ 1/3
ax, k  Xpo (A - x5)7(1 - %)

dt 1- (1~ xB)
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where k., = 3 x_ o 2 (VII-18)
10 [oCa DJ CSOR

Equation (VII-17) is model 10, and is typical of the
three models found to acceptably fit the data.

It must be.stressed at this point, that the above
discussion was only an attempt to explain the phehomena,
and does not alter the faét that.the three acceptable

models are basically empirical in nature.

D. Comparison of Results to Previous Works.

1, The Work of Ostrovskii and Amirova

Ostrovskii and Amirova (24) found that their
data could be correlated by a chemical reaction controlled
mechanism with the activation energy vélues of 37,k00
(Btu/1b mole) in the 85 - lOOOC range, and 16,560 (Btu/lb
mole) in the 105-145°C range. They attributed the change
in activation energy as being due to the lack of formation
of FSOSH_above 100°C. Formation of FSO3H would impede
HF boiloff, and since they determined thé extent of
conversion by weight loss,with time, the rate would appeaf
to be lower at the lower temperatures, and increase

rapidly as the temperature increased, due to the dual

effect of a higher surface reaction rate and a decreased
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formation of FSO3H.

While one cannot discount the rationality of such
an argument, one can question whether it sufficiently
explains a 50% decrease in the activation energy. The
decrease in acﬁivation energy is more characteristic
of a change in the reaction mechanism from surfacé
reaction control to ash diffusion control. Indeed,‘
their activation energy in the 105—145°C range is very
¢lose to the values found in this work.

' There ié also ' some gquestion as to the validity of
the experimental approach uéed py Ostrovskii and Amirova.
By using very small reacting mixtures (0.1185 grams),
which wére well mixed prior to being introduced into the
furnace, they eliminated the possible nonhomogeneity of
the initial mix, and the lumping which seems to be a
characteristic of the reaction mass. Extrapolation of

their results to industrial conditions is, therefore, in

question.

2. The Works of Gnyra and Menard and Whicher.

The results obtained in this work on the effect
of calcite content of the fluorspar, are in substantial

agreement with the qualitative observations made by
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Gnyra (15). Menard and Whicher,(zé) on the other hand,
had suggested that due to the enhanced setting rates

in the presence of calcite, calcite should have the
effect of reducing mixing. This is not observed to be
the case, so it might be concluded that the '"needed"
mixing is already accomplished, and that this mixing is

helped by the presence of calcite, Priof to the setting.

E, Thermal Effects

Aside from efforts to maintain the batch reactor and
continﬁbus reactor at constant temperatures, no attempts
were made in this study to consider thermal effects
within the reacting solid. Qualitatively, however,

because the reaction of CcaF,_. with H 80, is endothermic,
)

2
cooling of the reacting core can be expected. The
magnitude of the temperature drop can be influenced by

(1) The diameter of the reacting conglomerate

(2) The amount of H_SO, entrained within the
product ash layer

(3) The thickness of the product ash layer (degree
of conversion)

Although one could estimate a thermal conductivity
coefficient, it would be highly dependent on the degree

of conversion. Furthermore, the diameters of the lumps
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are difficult to establish.

However, at this point one can foresee that CaCO3
played another positive role in the reaction. If the
hypothesis previously considered can be deemed acceptable,

the CaCO_, enhances good heat transfer by inhibiting

3
large lump formation. It further enhances reactant
heating by generating heat in its reaction with acid

at the time when heat is most required.

F. The Silica Reaction

Silica reacts with HF to produce S:i,F4 and Water.
This important side reaction is detrimental to the
economics of the process as it results in loss of HF
and contamination of the HF stream.

During the investigation, it was hoped that the
necessary data to establish the kinetics of the
siiicé reaction woulé be obtained - from the .
analfsis of the product streams. However, the silica
content of the fluorspar was very low (1.31% by weight)

and small errors in the analysis in either the fluorspar

or the product streams resulted in very poor mass

balances on silica. Often the mass balance indicated
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more silica leaving in the solids out than entering
with the fluorspar.

Although not shown in the mass balances of Appendix IV,
the extent of silica conversion, calculated on the basis

of 8i0, in the scrubber effluent, was usually 20%, and

2
varied by only 1% from one run to the next. If one
accepts this result as representative one must conclude

that silica must react very slowly.
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VIII CONCLUSIONS

A. On the basis of the exéerimental runs varying the
temperature in the range of 250 - 450°F, and the per cent
theoretical acid added in the range of 95 - 105, the
following equations were seen to fit the experimental

\

data with acceptable accuracies

17900 [1 1 x%o(A-xB)z(l-xB)2/3

w
i

0.234 exp
dt R

T  809.9 1- (1- xB)1/3
(VIII-1)

2 2 1/3
%5 _ 0161 exp (- 16100 {1 _1 ] Xp, (A-xg)7(1-x5)

dt R T 809.9 1- (1 - Xp 1/3
' (VIII-2)
. 2 2 2 /3
9Xp o 0.396 exp § 17200 [E - 1 ] *By (A-x5) (1-x5)
dt : R T 809.9 1- (1- XB>2/3
(VIII-3)°

B. On the basis of experimental runs varying the mixing
in the range of 5 - 25 r.p.m, the CaCO3 content of the
fluorspar in the range ofn3.5 - T.14% by'Weight, the
temperature in the range of 370 -~ 45OOF, and varying the

spar fineness by a factor of 3, the follqwing conclusions

were arrived at:

172
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(1) The dependence of the reaction velocity on the
temperature was quite pronéunced and the activation
energy values were in agreement with the results of

Section A.

(2) The Caco3 in the fluorspar appreciably enhances the

reaction velocity.

»

(3) The degree of the fluorspar fineness does not seem

1

to alter its reactivity.
. (4) Mixing rate affects the reactivity in a discontinuous

fashion.

Oon the basis of A and B above the following eguations

are recommended for scale—up and design.

B

Xp _ o, opuuct- 012 yIr0-122,,, (-17410 F 1 ]
dt R T 809.9
2 2 2
x5 (a-x;)2(1-x,)%3 o
1 - (1- XB)1/3 (VITI-4)
Wy o 05140888, T 1116 (- 15810 F o
dat R T 809.9
2 2 1
Xpy (Ax5)2(1-3) 3
1-(1-x 1/3 (VIII-5)
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dxp _ 0.115¢C

————

O.96HMI-O.120exp - 16770 [1 - 1

at R T 809.9

Xgo (A—xB)e(laxB)2/3

A

v

Fel
—

1- (1 - XB)2/3 _ - (vIII-6)

where I = 0 if C = 7.141 or M £ 25 r,p.m.

and I 1l if C = 3.5% and M = 25 r.p.m.

I

and XB'= fractional conversion of CaF

M = mixing speed (r.p.m), C = vht % CaCO

2’

3

T = temperature (OR), A = acid:spar ratio corrected for

in spar,
boiloff and reaction with CacCo,,

XB = moles of CaF2 per mole of ‘calcium in the fluorspar
o .

and t = time in minutes.

In section VI statistical analysis of the data
indicated that all three of the models above equally fit
the data. However, on the basis of the analysis considered

in section VII, and also because it most resembles the
theoretically derived equation VII-20 of the Theory section,
one is apt to prefer model 10 (equation VII-2 and VII-6

above).
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NOMENCLATURE"

L = length ‘® = time

A = acid:spar ratio corrected for acid
boiloff and reaction with CacCoO,,,
((moles of H_SO, in - correctién)/

(moles of Cag2 &n)).

a = stoichiometric coefficient

C = CaCO3 content in the fluorspar, (% by wht.)
CrrCac » = concentration of «the fluid reactant
. . 3
s shown in Figure III.1l moles/L
a0 CAS a g » /57)
Ca ‘ = initial concentration of the fluid
© reactant in the bu%k prhase in equation
(I11-18), (Moles/L”)
CS = concentration of the solid reactant in the
© unreacted core (moles/L-).
C; = initial concentration of solid reactant 3
© referred to the volume of fluid (moles/L-)
c = a parameter in equation (VI-36a)
D a = effective diffusivitﬁ of the fluid reactant
e in the ash layer, (L°/¢)
E ' = activation energy in the Arrhenius equation,
(Btu/lb.mole).
E(t) = residence time distribution of the solid
stream leaving the reactor
(E(t)-at), = fraction of solids out stream consisting of
+ elements of ages between ti and Ati.
F = ratio of variances

179 .
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i = the integral of a rate model defined
in equation (AI-4)

kl kg = apparent rate constants for models 1-16

kl6 in Table V.1, units as shown in table

k = mass transfer, coefficient in equation

D (vii-11), (em /min.(moles of H 504/mole
of calc1um))

kmA = mass transfer coefficient across the
fluid film in equation (III-5), (L/&)

kS = reaction rate constant based on the surface

The uaseacted coﬁelln equation (III-2),
/moles e )

k_ of k = coefficients, (min--l X —2).

M = mixing speed, (r.p.m.)

MA = total flux of liquid reactant toward the
unreacted core, (moles/& )

M S = mean square as defined in equation (VI-41)

MSAR = mean square about regression as defined in
equation (VI-2)

m = a coefficient in equations (III-2) and
(Vi-36a) or the number of levels at which
replicate runs or samples were taken

N = moles of CaF, in the reacting mass in equation

B 2
(v-4)
ash’ = molar flux of fluid reactant A through the

ash layer, through the unreacted core, and
NS through the outer particlg surface
respectively, (moles/ © L")

Néa = moles of calcium in the reacting mass in
equation (V-1)

n = order of reaction in equation (III-2) or
the total number of data points
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n, = number of parameters in a regression
] eqguation
R = gas constant, 1.987 (Btu./lb.mole OR)

or 1.987 (cal/gm. mole OK)

R = radius of reacting particle or conglomerate
in equation (VII-13), (L)

R = radius of reacting particle, (L)

r = distance from centre of spherical particle
or conglomerate, (L)

r = radius of unreacted core of conglomerate
or unreacted particle (L)

S = mean size of fluorspar particles (L)
= estimate of the variance of the fluorine
content in the scrubber samples dpe to
chemical analysis (g/1. fluorine)
(e}
SE = estimate of the variance of the fractional
conversions of the batch data due to pure

error as defined in equation (VI-3)

S = estimate of the variance of k due to pure

B,k error, defined in equation (VI-18)
Sg 1n (X = estimate of the variance of 1ln k due to
, n(k) pure error, defined in equation (VI-19)

S§ = estimate of the variance Ebout regression,
it may refer to S or SR 1n(k depending
on whether the regression is &og—linear
or linear, respectively.

Sg X = estimate of the variance of k about

g regression, dgfined in equation (VI-6),
IEE§SIOCE
(min = X 7)
52 = estimate of the variance of 1ln k about
R,1n(k)

regression, dgfiged in equation (VI-1%)
(In(min = x 7)) ’

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



time

i

Il

182

estimate of the variance of fluorine
content of the scrubber liquor samples
due to sampling or fluctuptions in the
reactor, (g./l. fluorine)

estimate of tBe variance of the spar feed
rate (gm/hr.)

estimate of the variance of ths scrubber
liguor feed rate, (litres/hr.)

estimate of the variance of the estimate
of conversion of CaF2 from one scrubber
liquor samples

estimate of the variance of the estimate of
the conversion of CaF, from the average of
6 scrubber liquor samples. '

s coefficient in equation (VI-36a)
o o

temperature ( R) or ( X)

time usually in minutes

molar concentration in the reaction mass
(moles per mole of calcium)

molar concentration of H_, SO, in the reaction
mass, (moles of H,S0) per mole of calcium)

initial molar concentration of H SOlL in
the reacting mass accounting for2b0110ff
and reaction with CaCoO (moles of H 504

b4
in - correction)/(moleg of calcium ig

molar concentration of H So)+ on the
perimeter of the ash of %he reacting
conglomerate in equation (VII-13), (moles
of H,S0), per mole of calcium)

molar concentration of CaF,. in the reaction
mass, (moles of CaF,, per mole of calcium)
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coded mixing speed defined in
equation (VI-3T)

coded CaCO3 content of the fluorspar
defined in equation (VI-38)

coded fineness of fluorspar = -1 fox

. regularly ground = +1 for reground

fluorspar

coded temperature defined in equation

(vi-39)
fractional conversion of fluorspar

average fractional conversion in solids
out stream in eguation (V-2)

average fractional conversion of CaF, for
stream elements of ages between ti and ti
+ Ati ‘

Greek Symbols

i

a proportionality constant in eguation (VII-15)
a proportionality constaﬁt in equation (VII-Q)
void fraction in ash layer in equation (III-4)
random error in equation (VI-—5),(min~l X -2)
randon error in equation (VI-11) 1ln (min~lX-2)

number of degrees of freedom

molar density of calcium in the ash layer in
equation (VII-11),(moles of calcium cm”)

standard deviation of k ggout_ghe true
regression equation (min = X )

standard deviation of 1In k_ bougethe true
regression equation In(min = X )
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¢ = a random factor by which the rate
constant ki differs from the predicted
rate constant ki’ for the inherently
linear equation of equation (VI-10)

Superscripts

A = denotes predicted value
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APPENDIX I,
MODEL DISCRIMINATION AND DETERMINATION OF RATE CONSTANTS

A. Using Batch Tata.

The batch data consisted of conversion of fluorspar
at various points in time.

The data was analysed by the Integral Method of
Analysis (18). The procedure may'be summarized as follows.

1. The reaction rate models listed in Table V.1

of section V were written in the form

Fp = f(xa,xy) (AI-1)
at :

However, since A was always unity in the batch data, it
was not a factor to be considered here.

Also, the rate constant of each of the models could
be separated from the conversion - dependent terms so

that

T o= x o f(xg) (A1-2)

2. Equation(AI-2) was rearranged to the form
.

B
F(x)

= xat (a1-3)

185
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Now the left hand side of equation(AI-3) may be integrated

to the form

= kt (A1-4)

The integral for all the models listed in Table V-1 was
easily obtained for the case when A=l.

- 3. The value of I was determined for each conversion
versus time point and plotted versus time(t).

h, if the plot of I versus t was not linear the
model was discarded.

5. If the plot of I versus t was fairly linear the
line of best fit passing through the origin was determined
by linear least squares and the slope was equated to the
apparent rate constant value k.

6. The initial estimate of the rate constant .

. was refined by least squares regression_of Xy onto

t. The criterion being to minimize

Z: (xBi —‘QBi)z = E; (?Bi,— .f(k’ti))a (AI-5)
1 i
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Because Q;i could not be expreséed as an analytical

function of k and t, the §£i

values were determined by
the Newton-Raphson root seeking technique. The program
GAUSHAUS (21) employing the method of steepest descent

was used to determine the best estimate of the rate

constant.

B. The Continuous Reactor Data

The method employed was best illustrated by way of

an examplé. Considexr  Run 9F Data.

Average fractional conversion of CaF2 = 0.8154
XAo = 0.9408 g moles of Hesou/g.mole of Cca’ T in feed
XBo = 0.9717 g moles of CaFg/gm.mqle of Ca++ in feed

The XAo value above accounted for acid fuming

AR = 0.9682 = acid:spar ratio corrected for fuming and
reaction with CacCoO

3
The residence time distribution for the run waé
tabulated in section VI of the thesis.

The rate constant of the rate model

2 2 1
W Gy (R - %20 - x)'3 (az-6)
at 1-(1- xB)l/3

2

was to be evaluated. For simplification let AK = k-XBo.
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As an initial estimate of AK let AK(1) = 0.10

Because the rate model was not easily integrated
by direct analytical mathematical techniques the value of

xB(ti) required in the summation below had to be obtained

indirectly

n

(1-%,) = ;Z; (B(t)(at)) 4 (1 - x5(E;))  (A1-7)

.

where (E(t)At)i = fraction of solids out stream which
consisted of elements of ages between ti and ti + Ati,'
xB(Ei) = conversion of a stream with an average age of ti

nd X
a B

il

observed average conversion in the exit stream.

Knowing that

%5

ax 2
B B AK-t (AI-8)

Flxp) °

i
~
P
rr
i

and that for this model

Lo (- )3

Flxg) =

(8 - x)2(1 - x,)1/3 (r1-9)

The discussion that follows will be in terms of the

computer program used for the purpose of calculating the

rate constant.
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The program begins by evaluating the integral YI(I)
for x, = 0.001, 0.002 to x = 0.999 or Xy, = AA - 0.001,
if AA<1.0.

*B

YI(I)

Fractional Conversion Integral
0.001

0.002

0.500 -

0.501

0.999
But equation (AI~7) may be rewritten in the form

dxp AK-€,

i | (AI-10)
Fxg) |

o

so that the value of xB(Ei) may be obtained by searching

the YI(I) matrix for the integral value equal to AK-Ei
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and equating the corresponding X valﬁe to xB(E;). Thesg
XB(E;) values were stored as the VXB(I) vector.

The (E(t)-At)i values were stored as the E(I) vector
in the program.

The sum

SUM = %} E(I)-(l—VXB(I)). ~ (AI-11)
L

1

was'calculated and compared to (1 ~ EB)(written in the
program as (L - XAVG)). (AI-12)
ac(l) = suM - (1 - XAVG)
ac(I) was a vector containing all the differences
obtained for each estimate of.the rate constant AK(TI).

5

1f AC(I) was less than 1.0 X 10 ° it was assumed
that the rate constant value was accurate so as to satisfy

the equation

(1 - xave) = ) E(I)- (1 - VXB(I)) (a1-13)

1. Initialization

For the initial estimate of the rate constant
AK(1) = 0.1 AC(1) = 0.03469.
Because AC(l) was positive it indicated that the

rate constant estimate was too small since the calculated
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amount of CaF2.leaving the reactqr.was higher than that
measured. A rough second estiméte 6f the rate constant
was obtained by letting

aKk(2) = Bg(l) - 2 (AI-114)

The figure below shows the expected response of

AC(I) to the rate constant AK(I).

AC(I)

0 \\ > AK(I)

N

The exact nature of the response was not known but

it was expected to have only one root.

If AC(1l) had been negative, the second estimate
AK(2) would have been calculated by letting

AK(2) = AKR(l)/2 (AI~-15)

Using the AK(2) value, a value for VXB(2) was
calculated and the new SUM value calculated as per
equation (AI-10) and AC(2) was calculated as per ;quation

(AI-11) to be —-0.0190%.
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Note that AC(2) was negatiye.indicating that the
true AK value lies between A K(1) and AK(2).

Had the AC(2) value been positive the estimate for
AK(3) would again have been obtained by letting AK(3) =
AK(2) ~ 2. The successive AK(M) values would have been
obtained by letting

AK(M) = BAR(M-1) - 2 (AI-16)
until AC(M) became negative.

The above wasbby way of initialization.

Had the initial estimate AK(l) yielded a negative
Ac(l) value successive estimates of AK(I) would have been
obtained by letting AK(M) = AK(M-1)/2, until a positive

AC(I) value was obtained.

2. Linear Approximation and Steepest Descent

The method of linear approximation was used to
detexrmine the next approximation of the rate constant
AK(M+1). The method begins by searching the AC(I) vector
from AC(l) to AC(M-1) for the smallest absolute value of
AC(I) to be designated as AC(KK). |

Suppose now that AC(M) was positive while AC(KK) was

negative as shown
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T Ac(M)

AC(I) : .
o Jl AK(M + I) lAK(KK)
AK(M) | AK(I)—>
l
" AC(KK)

As shown the best approximation for the rate
constant Qas one which would yield an AC value of O.

From the geometry ofbthe figure

|ac(RK) |- (AR(M+L) - AK(M))= |ac(M)|- (BK(RK) ~ AK(M+1))

which yields

AR(M+Ll) = |ac(xK)|- aR(M) + |ac(M)]- AR(KK) (AI-17)

[ac (xx)| + [ac ()]

The result would be the same if AC(M) were negative
and AC(KK) was positive
If on the other hand both AC(M) and AC(KK) were

positive as shown
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T ' ~ Ac(m)

— e o — ey — —

I !
? AKR(M) AK(KK) AK(M+I)
AR(I)—>

Again from the geometry of the figure

|ac(m)| - (AR(M+L) - AK(KK)) = |AC(RK)| - (ARK(M+L) - AK(M))
and .
ak(M+l) = |AC(KK)| - AK(M) - |ac(m)|:AK(RK)
‘ (A1-18)
|ac(xx)| - [Ac(@)[ |

The reader can verify for himself that equation
(A —13) was valid for the cases where AC(M) < AC(KK) and
AC(M) < 0, AC(KK)<O where AC(M) 2 AC(KK).
The procedure was simply to test if AC(M) and AC(KK)
were both of the same sign. If they were equation(AI-13)
was used and if not equation(AI-12) was used. In the

Program the equation was written as

AK(M) = |AC(KK)[- AK(M-1) - SIGN 1-[AC(M-1)|-AK(KK)

|ac(xx)| - s1eN 1-|ac(m-1)
(A1~-18)
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where SIGN 1 = +1.0000 when AC(KK).AC(M-1)> 0
and SIGN 1 = -1.0000 when AC(KK) - ac(M-1)<O0

Successive estimates of the rate constant are shown

below
TRIAL AK AC
1 0.100 - | 0.0347
2 0.200 -0.019038
3 0.1793 ~0.00522
Y : 10.18572 +0.001223
5 0.1537 0.0000786

This rapid a convergence was rather unusual but

convergence was usually. accomplished in about 7 iterations.

However, the AK value was equal to k XB2 and
o

k = AK/ o = 0.163.
Xp
o]
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APPENDIX II
THERMODYNAMIC CONSIDERATIONS

The aims here were to establish whether the
reactions were predetermined by possible equilibrium,

The heats of reaction were also established.

CaF, + H,S0, —> CaSO, + 2 HF | (ATII-1)
4 HF + si0, —> SiF, + 2 H0 (AII-2)
CaCoy + H,S0,~—> CaS0, + H,0 + CO, (AII-3)

Table AII.l contains all the thermodyvnamic data

necessary for the determination of AF

T and AHT for these

three reactions. To determine AFT from the tabled data

the following equation was used

T - o = - - 4T (ATI-})

Table AIX.2 contains _the calculated values of AFT, AHT

and K the equilibrium constant. The value of K was

obtained by use of the equation

RT In k = =~ AF, . (AII-5)

204
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Since all the equilibrium constant values are relatively

larxge one may assume that the reactions were essentially

irreversible.
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Table AII.1l

.Material

g — gas
s - soliad
1 - liquid

Caco3 (s)
CO2 (9)

B0 (9)
SiFLl- (g)

5i0,, (s)
H,80), (1)
HE  (9)

Caso, (s)
CaF, (s)

Thermodynamic Data of Reactants and Products

(o]

H
A8, 298.15%
Kcal/gm mole

-288.14

- 94.05 .

- 57.80
-385.98

-217.65
-193.91
- 6.2

-343.335
-290.3

AF®

-269.57

- 94.26

- 54,64
-375.855

-204.64
-163.9
- 64-7

~-316.475
-277.796

(o]
$,298.15 K
Kcal/gm mole

H -

Kecal/gm mole

ol . 98T+0. 00262T2+ 620000 — 9760.0
T
10.57T+0. 00L05T%+ 206000 - 39360
T
7.30T4+0. 001237 2286
21.957+0. 0013375+ 472000 - 8246.0
. T '
I . 28T+0.0L053To- 2212.0
33.2T - 9898.58 '
6.55T+O.00036T2— 17000 - 1928.0
T
16.78T+0.0118T° ~ 6052.0

11.3T+0.00364T>~ 47000 - 4429.0
T

902



Table AII.2

Temp

Reactions Occuring in the Reactor

207

Thermodynamic Quantities for the Principle

208.15°k  400°K 350°R  500°K 550°K
Reaction
AF, (Keal/gm mole)
1 - 4.179 -"9.688 ' -12.300 =-15.606 -17.303
-21.69 -19.69 -18.761 -17.770 -16.742
3 -31.905 -38.122 -40.961 -43.932 -46.749
AH, (Keal/gm mole)
1 12.475 11.3 10.777 10.331 9.931
-27.13 ~27.555 = -27.745 -27.964 -28.178
3 -13.141 ~14.100  ~-14.94% -15.48%4 -15.98%
K (Equilibrium constant) :
1 1.157x1o3 1.964x1o5 8.583x1o5 6.627X106 7;5o8x106
10 6

1.293x10° 5.851X10' 14.94X10
9 3.769.10"

7.927X107°  6.288%10

2. 47x10%3  6.742x10°0 7.821X10° 1.595X10~ 8
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APPENDIX III
ANALYSIS OF THE DATA OF PUXLEY AND WOODS

The data of Puxley and Woods (26) were fitted to
a zero order reaction of the form
- a4N

— = %
dat

where k = gm. moles/min.

The‘equation was valid for conversions up to 50%4. Average
k values were determined at the 204 and 50% qonversion
levels and can be found in Table AIII.1l.

An Arrhenius plot was drawn to determine the activation
energy. Figure (AIII-1) illustra£es the 1n k vs. 1/T plot
for 20% and 50% conversion and an average line was drawn
through the points. Approximate values of the activation

energy values were determined to be as follows.

20% conversion E = 4570 cal/gm mole CaF,,

50% conversion E = 5450 cal/gm mole CaF

2

Overall E = 5000 cal/gm mole CaF

2
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Table AIII.1 Reaction Constants for Puxley's Data Assuming Zero Order Kinetics

T C At 20% CaF,, Reacted At 50% CaF, Reacted
k (gm.moles/min.) ln k k (gm.moles/min.) ln k
125 S 1.32X 107 -8.94 1.12 x 167" -9.1
175 2.40 x 10°% -8.34 2.36 X 16" -8.355
-1 i
225 3.47 X 10 ~-T7.955 3.653 x 10 7.90

602



APPENDIX IV

SAMPLE TREATMENT AND MASS BALANCES

In analysing the experimental data, the objective

was to determine the extent of conversion of CaF2 oxr

HQSO4 in the solids out stream. To establish the
accuracy of the conversion determined, it was first
necessary to ensure adequate mass balances.

The figure below should aid the reader in undér—

standing the ensuing discussion.
. CAUSTIC

LIQUOR
MAKEUP
ACID HF , 502, HoO
" » 223072 P SCRUBBER
REACTOR COp, S1Fy ' |
SPAR | o |
! SOLIDS OUT
CaSO, ,CaF . SiO.
b 2’ 2 SCRUBBER
EFFLUENT

Aside from temperatures, the following parameters
were measured.

(1) Feed rates of acid and spar

(2) Solids out flow rate

(3) caustic liquor makeup flow

210
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(4) solids Samples analysis

(5) Scrubber effluent analysis

Knowing the caustic liquor flow rate, and the
fluorine content of that liquor, one is able to calculate
the amount of CaF, converted to HF. If, at the same time,

2

the amount of CaF, exiting the reactor with the solids
is  known, one can again calculate the extent of CaF2
conversion. There were, therefore, two methods available
for the determination of the extent of conversion.
~In tﬁe initial scrubber setup discussed in the

Apparatus and Experimental Procedure section, it was
impossible to obtain reliable liquor stream data due to
the exceséive fluctuations in ‘caustic makeup flow rate,
and frequent flooding of the column. It was, therefore,
nebessary to rely solely upon the solids out analysis for
the determination of the fractional conversion of the
fluorgpar. Also, no reliance could be placed upon the
fluorine mass balances.

The mass balances were, of course, based upon the
premise that if the reactor was operating at steady

state so that the following should be true.

Ca in = Ca in solids out
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F in = F out into scrubbexr' + F out in solids out

SO, in = SO, out into scrubber + SO}+ out in

) 4

solids out
Si0_ in = SiO_. out into scrubber as SiF, + SiO
2 2 ] 2
out in solids out
The silica, entered the scrubber as SiF4 but it was
2,

easier to consider it in terms of SiO since it was

anlaysed as Si02.

A. Sampie Treatment

Figures AIV.l and AIV.2 illustrate the methods used
in handling the solids out samples. The quenching step
was done in situ, as the sample was being collected,
to ensure reaction termination. 1In the initial sample
handling technique, only about 20 grams of sample were
collected, but as the amount of quenching solution was
increased from 100c.c. to 500 c.c. the amount of solids
sample was also increased to about 80 grams.

When the initial samples handling technique was
being used, several discrepancies came to light that
caused one to doubt the accuracy of both the handling,
and subsequent chemical analysis of the samples. The

first discrepancy, was that the volume of the sample -
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@

liquor was much lower than the expected 100 or 150cc,
originally added to the sample gottles. In addition, the
weight of the filtered solids was greater than that
expected after accounting for dissolution of HESOA'

The discrepancy in weight was attributed to the
formation of the hydrates of CaSO4 (CaSOA-1/2H20 and

CaSO4-2H20). The volume discrepancy was attributed
partly to the hydrate formation, but more largely to the
physical entrainment of liquid within the filtered solids.
It wés safe to assume that very little if any of

the hydrates of CaSO4 could form within the reactorxr
because there was little or no water present in the
reactor. Only 0.6 grams of water per 100 grams of‘fluor—
spar could possibly have been present within the reactor.

If one could account for H,. O boiloff this figure would

2
be much lower. Also, above'2200F, only the Casou'l/EHQO
hydrate of gypsum could form.

Nevertheless, subsequent analysis indicated that
unless the sample solids were dried atIBOOoC or higher,
as much as 5% of the solids could consist of water of
hydration. The major error caused by this water content,

was its presence as an unaccounted for impurity in the

solids. The major portion of this water of hydration
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must have formed after the quenghing step.

To eliminate the water of hydrétion, as well as to
obtain an accurate measure of the amount of this water,
two drying steps were necessary as shown in Figure AIV.2,

Crushing of the solids prior to the filtration step
was necessary because the solids set as one large mass
upon standing in the quenching liquor. It took a con-
siderable amount of force to crush the solids into fine
granules. The crushing step was carried out in the
plastic s;mple bottles prior to decanting the liquid,
using a 1 inch diameter 12 inches long glass rod. The
crushed solids‘were easier to wash and did not entrain
as much liquor.

To obtain an estimate of the amount of entrained
liquid,the solids were weighed while still wet after
filtering and drying over night at 9OOC.

The drying step at 9OOC was critical in that if the

)
solids were not dried for a sufficient period of time
inéomplete drying was a possibility. On the other hand,
prolonged drying could also drive off some of the ‘water
of hydration.

. | . 11/2 H
c:aso4 2H20 —_ Caso4 1/2 H20 + /2 20

|
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Determination of Water of Hydration: An Example

Consider Sample 8F-16
(1) wet filtered solids vht. = 80.87 g
(2) Weight of filtered solids dried at 90°C = 66.19
(3) Weight of filtered solids dried at 200°C = 60.54%
(4) vVolume of liguor measured at filtering = 478c.c.
(5) Volume of liguor entrained =.(l)—(2) = 14,68 c.c.
(6) Volume of liquor hydrated = (2)-(3) = 5.65 c.c.
(7) fotal liquor volume at filtration = (4)+(5) = 493 c.c.
(8) Total accountable liguor = (7)+(6) = 498.33

In the above example, it has been illustrated that
all but 1.7 c.c. of the original iiquid has been accounted
for. However, no correction was attempted for the water
formation by the reactioh

NaOH -+ HeSOll_——-% HQO + NaESOLl_.
Noxr was any correction-attempted to account for density
changes due to non-ideal solution behaviour.

To obtain a measure of the accuracy of the analytical
work being done at the Alcan labs, synthetic samples were
compounded from pure reagents and sent for analysis.

Table AIV.2 contains the results of the analyses and the

compositions as prepared. These samples were handled by
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the modified sample handling technigue of Figure AIV.2.
Although the overall results'were encouraging the analysis
for samples 2 and 3 indicated a &% error in the CaF2
analysis. -

However, some of the problems encountered with the
solids out samples did not occur with the synthetically
compounded samples. The solids did not set upon
standing, nor did they appear to take up any water of
hydration. The author was often reminded by the lab
people that although synthetic samples could be analysed
within a high degree of accuracy, the results often could
not be extrapolated to product stream samples. The
product stream, may often contain impuri£ies which interfere
with the analysis. The determination of the soz content
was especially sensitive to impurities that could promote

reduction of BaSO4 during the fusion step in the SOL{_=
(29)

determination.

Another descreépancy encountered in some of the solids
out samples analyses reported, was Eﬁat Fhe addition of
the compositions of th; dried filtered sélids failed to
add to 100%. OQuite often, the summation;Was lower than
90%. . Furthermore, substantial amounts of CaCO_, were

3

‘detected in these samples. Often, the CaCO3 content was

i
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so high that if taken ét face valuef indicated more CaCO3
leaving the reactor than entering it.

While modifications in analytical techniqﬁes made
at the Alcan Works Laboratory eventually corrected the
lack of summation to 100%, the fesults still indicated
a high CaCO_, content in the solids.

3

A likely explanation of the high CaCO3 content is

that it was being precipitated out of solution or being

formed in the solid phase by the following reactions

Caso, (solid) T== ca'@ + sOp (ATV-1)
+- =

H,COy + NaOH —> 2 Na  + co3 + 2 H,0 (ATIV-2)
2 N&© + Co,” + Ca'' + SO, =—> CaCO_, +.2Na' + SO,
3 4<—= 3 4
(A1V-3)

2 Na' + C0.” + CaSO, (solid)Z22 Na' + 50,°
+ Caco, (ATV-1%)

The equilibrium in equations (AIV-3) and (AIV-14)
shifted to the right due to the lower solubility of CaCOB.
Na2003 may have been present in the quenching

solution or formed by contact of the caustic solution

with air during the quenching or filtering steps. Carbon
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dioxide dissolved in the distilled water, used for washing

the solids after filtering, would also cause CaCO

3

precipitation, but would not alter the 80, content of
the mother liguor. On the other hand, the reaction scheme

indicated that if the CaCO3 was formed while the motherx

liquor was present, it would alter the 804= conteht of

i

the mother liguor, by the formation of Na2804' In any

case, the precipitation of CaCO_,, from what was originally

3

CaSO4, must be accounted for.

Although .CaCO, formation would occur prior to, and

3

after removal of the mother liquor, only the two extremes

were subject to analysis.

All the CaCO3 detected in the samples was assumed

to have been formed by way of equations (AIV—l) to (AIV-14).
Because the reactor contents were much too reactive to

CaCO3, it was safe to assume that none of it leaves

unreacted. In addition to reacting with Heso4 it will

react with HF as follows

2 HF + CaCO. —> CaF, + H.O + CO

3 2 2 2

If the CaCO_. was assumed to have been formed after

3
the mother liquor was separated from the solids (CaCO3

formation after filtration), the SO4 content of the mother
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liquor needed no correction but.the CaSO4 content of the

solids was corrected as follows.

Corrected % CasSO, = % CaSO4 detected

in dry solids

L

+ %'CaCQB‘detected | MWCa804

- (ALIV - 5)

When the CaCO. was assumed to have been formed prior

3
to the washing step, while the mother liquor was present,

the CaCO. present in the solids was considered to be an

3

impurity which must be corrected for.

- Corrected % CaSO, % CaSO, detected (AIV-6)

in dry solids 100 - % caCO3 detected

and % R.O. were also corrected in this

The % CaF,, % SiO0 203

2
manner.

The 504= present in solution as CaSOLl was determined
from the Ca++ content of the solution, but further

correction was necessary due to the fact that CaCO,

formation enhances dissolution of the sulfate ion.
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SO, present in i
soluble CaSO, orxr Ca .detected volume

put into solution in g/1 ° of .
by CaCO3 formation Eiday liquor
MW804= , | grams of CaCO3 MWSOE‘
— * Y (ATV-
detected in sample ( 7)
MW ++ MW
Ca CaCO3

Thus far, no mention has been made of the scrubber
effluent samplés. Treatment of these samples was much
simpler, requiring only a filtration to remove any
suspended solids present. The liquid was analySéd for
F, 804= and 510, content.{29)

Because the scrubber ligquor samples reguired no
‘elaborate preparation for analysis, they were deemed more
accurate. Furthermore, because the anaiysis was done by
an automated technique, replicate analysis was accomplished
easily, thus reducing the errors involved.

A summary of the determinations carried out on the
samples and their utility is given in Table AIV.1l.

In the Table is included the analysis of the sludge
collected from the teflon transfer line, conveying the

reactor gases to the scrubber. When the reactor was run

at 45OPF, considerable amount of condensation occured in
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the line to produce a sludge-like ﬁaterial consisting
chiefly of condensed stou. At 37OOE the amount of this.
material was much less, while at 300°F almost none was
formed.

The sludge was removed from the line continuously,
and its flow rate noted. At the Alcan lab it was filtered,
and analysed as outlined in Table AIV.1.

Tables AIV.3, AIV.4 and AIV.5 show the cﬁemical
analysis results for runs 1lA through 10F. In some of
the solidé out samples, the % CaSO, of the solids was not
determinéd. However, for these cases the % CaSO4 wés
calculated by difference. In the cases where it was
reported,'the summation of the percentages were reasonably
close to 100%.

In runsAl6A to 1OF only the scrubber effluent samples
were analysed. Analysis of the solids out samples was
time consuming and unnecessary once the mass balances had
been established. Recalling that the primary aim of the
anélysis was to establish the extent of conversion, the
scrubbexr effluent samples sufficed for that purpose.

The analysis of the sludge samples was done only for
the runs where a significant amount of this sludge was

collected.
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For the runs where only the scrubber effluent

analyses were done, it was also necessary .that the

Sioacontent-of the solids out samples be determined.

The results of these analyses are shown in Table AIV.6

B. Mass Balances

Basically, the solids out sample analyses were used
only to establish a mass balance. The scrubber effluent
analysis was used to establish a mass balance, and to
determine the extent of conversion. In the discussion
of sample treatment, the point was raised that in some
of the solids out samples the sﬁmmation of the components
failed to add to 100%. Compensation for this error was

made by assuming that either the per cent CaF, or per cent

2
Caso, of these solids was erroneous. If the % CaF,,
determination is assumed erroneous, it can be corrected
by the following equation:
= - i -+
% CaF,, 100 (% CaSO) + % sio, + % R203 % CaCO3)

If the % CaSOu reported is assumed in error, then the

corrected % CaSO4 can be determined as follows:

% CaS0, = 100% - (% CaF, + % s:'LO'2 + % R203 + % CaCO3)
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The mass balances using data with the above two
alternate correction procedures are not reported here.
All that needs to be said about those results is that
they were not encouraging. Those maés balances indicated
that usually less than 90%, and often less than 80%, of
the Ca'’ and F~ being fed into the reactor could be
accounted for in the outlet streams. Accounting for the

presence of CaCO_, improved the results somewhat, but not

3
to the point where the balances could be considered
acceptable. Runs 1A - 6A and 1lE - 5E were all discarded
due to difficglties in obtaining good mass balances.

After modifications were made to the analytical
,techniqueé employed at the Alcan Laboratories, the addition
of the compositions of the dry solids‘of the solids out
samples was much closer " to 100%. If one examines the
data of table AIV.3 one notes that although the summations
of the solid compositions were not exactly 100%, they were
reasonably close to that value.

Tables AIV.7, AIV.8, AIV.9 and AIV.1l0 show the
results of the mass baiances for runs 11A to 15A.

Because the solids out flow was rather unstable, due

to pulsations of the reactor, there was reason to believe
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that an accurate measure of the solids out flow rate was
unavailable. To compensate for this, a solids out flow
correction was attempted on the basis of an accurate

sulfate balance. The solids out flow rate was modified

by forcing a sulfate mass balance.

. \

Corrected solids Measured solids [/ - 100
= : X
out flow rate out flow rate lOO+SO4=balance eer}
And the 804= balance error was
304= balance SO=4 in -~ SO4='out
error = = X 100
i SOA~'in

If the sulfate balance error was positive or negative,
the solids out flow rate was decreased or increased

respectively, to compensate for this error.

Similarily
Ca++ balance Ca++ in —'Ca++ out
= X 100
erroxr o
Ca in
F  balance F 'in = F out
= X 100
error -,
F an
and
. : F in - F out
SJ_.O2 balance — - % 100
error P .in
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The following relations were also used.

t = (SO, out in solid
80, ou ( y Out in solids out as H,S0, or CaSOA)
+ (SOLL= out in Scrubber Effluent) +

(804= in siudge)

++ . , '
ca’t out = (cCa’ out in solids out as CaF, or Casoq)

+ (Ca++ out as sludge)

F out = (F out as CaF, in solids out)

2
+ (F out in scrubber effluent) + (F out in slﬁdge)

8io,, out = (si), out in solids out) + (Si) out in scrubber

effluent) + (5i0, out in sludge)

2
% CaF, reacted = |CaF, in - CaF, out in solids

CaF2 in

X 100

% HESO4 reacted =

H,S0, in - (HESO4 out in solids + H,S0) out in scrubber

effluent
H_SO in
274 ] X 100
- P
% SiO2 reacted = Sioe'in - SiOé out'in solids
, X 100
S:LO2 in :
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A computer prograp was written to do the mass
balances on the reactor. Afnomenclgture is provided for
easier understanding of the program.

Mass balances of sorts, using only the scrubbex
effluent analysis, were also calculated. For these

calculations, the following identities were used.

78

reacted) = |[(F in scrubber)X(flow of scrubber)X _~
effluent effluent 38

(CaF2

Every 38 grams of F in the scrubber effluent required

that 78 grams of CaF, react

S8

>(H SO, reacted) =|(F in scrubber) X (flow of scrubber)X
effluent effluent 38

2

+ c:ico3 fed X 98

in fluorspar 100

Every 38 grams of F in the scrubber effluent required

that 98 grams of H2804 react, and every 100 grams of Caco3

in the fluorspar feed reacted with 98 grams of HESO4'

Solids flow out = (Total feed) - [(CO2 + HF + Si0, + HESO4)

out into scrubber]— (sludge flow)

CO . was formed from CaCoO

2 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



227

Insoluble solids out = (solids out) - (HQSODr left in reactor)
(sto4 left in reactor) = (HQSO4 fed) - (H2804 out into

. scrubber + H280lL reacted + sto,+ out in sludge)

(Sio2 in solids out) = [Insoluble % 8i0, .in solids of
solids out sogids out sample
100

This was the only point where a solids sample analysis

was required.

CaSOu out in - _ Insoluble | _ CaF2 unreacted| + SiO2
solids out solids out
(Total Caso), out) = CaSO, out inj + [CaSO, out
solids out in sludge
% CaF2 reacted = (CaF2 reacted/CaF2 in) X 100

The amount of CaF2 reacted, was calculated on the basis
of how much fluorine was detected in the scrubber effluent.
The above calculations, were based on the premise
that all the fluorine be accounted for. Whatever part of
the fluorine that did not appear in the scrubber effluent
must have appeared in the solids out as CaF2.
The results obtained by this method of calculation

are shown in Table AIV.1l. The average conversions shown

in this table were the accepted conversion values used in

calculating the rate constants for the reaction rate models.
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C. Discussion

While fluctuations in the soiids out flow rate
occurred in most of the runs carried out in the continuous
reactor, the mass balances in tables AIV.7 through AIV.11
may be considered to be reasonably good. There was,
however, a persisting nagging suspicion that the solids
out samples analysis was not entirely satisfactory. This
suspicion was based upon the fac£ that too many things can
go wrong in the analyses.

The analyses for fluorine content in the scrubber
effluent were considered to be more reliable because
replicate analyses were carried out. Without replication
of analyses, however, the results could be sometimes
misleading, because the error in one analysis could be
very high due to instrument error.

At the Alcan Works Léboratory the fluoride analysis
was carried out by means of an automatic sample handling
apparatus (Technicon). This equipment first carried out
a sulfuric acid distillation, to drive all the fluorine
from the original sample, and thus separate it from possible

interfering ions. The amount of fluorine collected was

subsequently determined by photometric analysis, using a
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complexing reagent.

This automatic analyser was éubject to malfuﬁctions
when initially put into operation, which unfortunately
was also the time the first analyses of the scrubber
ligquor samples were being carried out.

However, once the Technicon analyser was functioning
properly, the results were quite accurate, as was
substantiated by having some of the samples check analysed
by the A;can Research Laboratories. In the research labs,
the fluoride determination again required the distillation
step~bu£ using perchloric acid, and the amount of fluorine
distilled out of the sample was determined‘by a recently
developed potentiometric titration with La(NO3)3 oxr
Th(N’Og))+ solution, using an Orion Fluride electrode.(6)
The results indicated that there was no bias in the method
used by the Alcan Works Laboratory.

The standard error of single analysis was determined
to be 0.079 g. per litre in a 2.5 g/1 fluorine content,
and an overall standard error in the estimate of the
average fractional conversion of 0.0142. The avérage
fractional conversion was calculated on the basis six
samples for each run. The standard error in the estimate

of the fractional conversion accounted for errors in the
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scrubber liquor flow rate, the spar feed rate as well as
deviations observed from sample to sample within each
run. The overall degree of accuracy can be considered
as‘acceptable.

Unfortunately, the analysis of the batch runs
solids samples could not be analysed in replicate because
of the time and costs involved. However, replicate
samples were taken (samples taken at the same reaction time
at the same temperatﬁre) and analysis of these samples
allowed.one to determine the pure error due to analysis
and chance errors that could occur in aﬁy run. The pure
erroxr was deﬁermined to be 0.03.(fractional conversion).
This error Waé significantly larger than the error in the
continuous reactor determination of the fractional con-
version.

It had been hoped that rather than relying on
chemical analysis of the samples one could determine the
degree of chemical conversion in the batch reactor by
gravimetric techniques ie. following the weight of the
reacting mass with time. However, this proved to. be very
difficult unless very sophisticated equipment was used.
Thermal converSion effects,.in particular, could not be

adequately controlled.
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Nomenclature for Mass Balance Program

By_order of appearance; A1l flows in grams per hour

I
ISAMP
RPM
SPARF
CAUSTF

ACIDF
SOLF
SSW
DSOLW

VsS
FCL
so4cL
CACL
SILCL
S04SS

CASS

PCAF2

]

n

run no.

sample no.

rotation rate of‘reaétor stirrers

snar feéd rate.

caustic liquor feed rate to scrubber
(1itres/hr.)

acid feed rate

solids out flow rate

solids sample weight in grams

weight of dried solids from solids out
sample (grams)

volume of liquor from solids out sample
in litres

fluorine in caustic liquor sample (g./1.)
sulfate in caustic liquor sample (g./1.)
calcium in caustic liquor sample (g./1.)
silica in caustic liauor sample (g./1.)
sulfate in solids out sample liquor
(g./1.)

calcium in so]iqs out sample liquor
(g./1.) |

per cent CaF2 in dried solids of solids

out sample.
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PCASO4
PSIL
PCACO3
PR203

S
SL

SLS04
SLF
SLSIL

$S
SSCAS04
SSSIL
SCA

SF

SSIL
5504
SH2504
SHF

CAIN
CAF2IN
FIN
SILIN
CO20UT

per
out
per
out

per

“out

per

out

232

cent CaSO4 in dried solids of solids

sample

cent silica in dried solids of solids

sample

cent CaCO3 in dried solids of solids

sample

cent R203 in dried solids of so]ids

sample

sludge flow rate out:

fraction of sludge as Tiquid

fraction of sludge liquor as 504

fraction of sludge Tiquid as f]uorine_

fraction of sludge liquid as silica

fraction of sludge as solids

per

per

cent CaSO4 in sludge solids

cent silica in sludge solids

calcium out as part of sludge

fluorine out as part of sludge

silica out as part of sludge

sulfate out as part of sliudge

H.,SO

2

4 out as part of sludge

HF out as part of sludge

.calcium into reactor

Can into -reactor

fluorine into reactor

silica into reactor

CO2

out of reactor
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SO4IN

FSO4CL
ACIDCL
SOLS04

SCAS04

ACIDO

TCASO4
SILISO
S040UT

SO4ERR

CAOUT
CAERR
FOUT
FERR
CAF2R
PCAF2R
ACIDR
PACIDR
TSILO
SILERR
PSILR
A

CPCAF2

‘CaF

sulfate into reactor

sulfate out in‘caustic liquor

H2804 out in caustic 1liquor

soluble sulfate out of reactor in the
solids out

soluble CaSo4 out of reactor in the
solids out

acid out of reactér in solids out

total CaS0, out of reactor

4
silica out in solids out
total sulfate out of reactor
error in sulfate balance
calcium out of reactor

error in calcium balance
fluorine out of reactor
error in Fluorine balance

9 reacted

per cent Can reacted

acid reacted

per cent acid reacted

total Silica out

error in silica balance

per cent silica reacted

solids out flow rate corrected to force
a calcium balance

corrected per cent CaF2 content of

solids out sample solids.
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FIGURE AIV.1 1Initial Solids Out Samples Handling
Scheme
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Preweighed plastic 246
bottle with 500c.c.
of NaOH solution
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Solids
crushed in
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FIGURE AIV.2; Modified Solids Out Samples Handling
Scheme
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TABLE AIV.1; Utility of Sample Analysis

Sample Constituent Purpose
description . '
%CaF2 To calculate the amount of Can leaving the reactor
in the solids out.
Solids %CaSO4 To calculate the amount of CaSO4 leaving the reactor
in the solids out.
of solids .
%CaCO3 To calculate the amount of=CaSO4 transformed to
out CaC0, and the amount of SO4 in "the sample Tiquor
due %o this transformation.
sample :
%SiO2 To calculate the amount of silica Teaving the
reactor in the solids out.
%R203 To calculate the amount of impurities leaving the-
reactor in the solids out. '
Liquor of SO4 (g./1.) To determine the ' total amount of soluble SOi in
the sampie.
solids out +4+ _
Ca (g./1.) To determine the amount of soluble CaSO4 in the
sample sample.
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TABLE AIV.1;

Continued

Sample Constituent Pﬁrpose
description
F (g./1.) To ca]cu]ate the amount of fluorine leaving the .
Scrubber reactor into the scrubber.
. SO=(g./1.) To calculate the amount of H,S0, vapor entering
tiquor 4 the scrubber. 2774
effluent 5102(9./1.) To calculate the amount of SiF4 entering the
scrubber.

Solids of %CaSO4 To determine the amount of'CaSO4 in the sludge.
sludge ) ) .
sample %5102 To determine the amount of SiO2 in the sludge solids.

liquid of 304(9./9.) To determine the amount of HZSO4 in the sludge.
sTudge SiOé(g./g.) ¥$qﬁ§:?rmine the amount of silica in the sludge
sample F (g./g.) To determine the amount of fluorine in the sludge

liquor.
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TABLE AIV.2. Analysis of Synthetic Samples

Synthetic
sample Reported values Expected values
%CaF2 in %CaSO4 in SO4 %CaF2 in %CaSO4 in SO4
solids so]jds content of solids solids content of

liquor Tiquor
1 11.66 95.75 25.50 11.67 88.30 24 .94
2 6.17 93.00 38.94" 6.58 93.92 38,38
3 5.34 95.35 38.17 5.70 94.30 38.35

6142



TABLE AIV.3. Results of Solids Out Sample 250
. Analysis

Sample {Wht. of [Wht. of samnle Volume
No. |sample solids after of liquor
taken drying at (calculated)
(g.) 200°C (g.) cc.
11A-14 81.32 59.54 498.4
11A-15 93.78 70.77 498.2
11A-16 84 .80 62.78 497.7
11A-17 95.11 79.21 496.8
11A-18 92.47 70.35 496.9
11A-19 95.84 74.06 496.9
12A-14 77 .58 60.74 499 .3
124-15 92.86 74.36 499.3
12A-16 86.91 68.60 499.3
12A-17 82.11 65.20 499 .6
12A-18 82.26 64.52 499 .5
12A-19 82.70 65.17 499 .4
13A-16 | 76.81 56.04 498.3
13A-17 83.62 61.50 497 .3
13A-18 90.27 67.39 494 .9
13A-19 80.15 59.28 498.0
13A-20 | R1.83 60.20 495.3
13A-21 85.24 64.02 493.4
14A-16 70.10 50.94 497 .6
14A-17 87 .37 67 .04 494 .3
14A-18 87.93 67 .88 495.1
14A-19 91.12 70.61 499 .2
14A-20 83.00 62.82 499.2
14A-21 89.40 68.56 497 .6 °
15A-16 89.70 72.21 497 .0
15A-17 83.54 68.98 497 .7
15A-18 76 .50 59.65 497 .6
15A-19 90.08 72.67 498.7
15A-20 80.28 63.36 499 .3
15A-21 | 82.21 65.10 498.4
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TABLE AIV.3; Contd.

251

Sang]e al;?;ggs .so]idiga??1%sis
. (3'/]'l+ AR ,

SO4 Ca CaF2 CaSO4 CaCO3 5102 R203 Total
11A-14 |41.76]0.46 | 22.1|70.98 |1.51 |0.72 {0.37] 95.68
11A-15 |44.17|0.48 | 20.9 }78.10 {1.04 | 0.77 |0.32{101.13
11A-16 |41.71]|0.46 | 18.5|77.40 | 1.51 | 0.75 |0.40 | 98.16
11A-17 |45.09{0.46 | 17.5|78.57 | 0.90 | 0.75 [0.28| 98.00
11A-18 {42.68|0.46 | 20.2 |75.18 |0.99 | 0.77 |0.29| 97.53
11A-19 |43.61]|0.46 | 18.2|75.53 |1.75 | 0.76 |0.26| 96.50
12A-14 |23.79/0.32 9.1 | NA 1.40 ] 0.83 | NA -
12A-15 |29.40|0.51 9.8 | NA 2.18 | 0.76 | NA -
12A-16 |26.20|0.47 | 10.4 | NA 1.04 | 0.82 | NA -
12A-17 }26.30/0.45 | 10.3 | NA 1.04 }0.83 ] NA -
12A-18 [20.85/0.43 | 8.9 | NA [1.32 | 0.79 | NA -
12A-19 }21.13|0.38 7.8 NA [1.00 | 0.94 ] NA -
13A-16 {26.34|0.47 | 15.2 {79.97 | 0.94 } 1.00 § NA | §7.11
13A-17 |30.82|0.42 | 17.0 | 83.8210.94 | 0.79 | NA [102.55
13A-18 -|15.23|0.41 | 16.3 {83.47 |0.76 | 0.78 | NA [101.31
13A-19 [24.13|0.38 | 16.4 [79.62 [0.94 | 0.79 | NA | 97.74
13A-20 |22.18|0.44 | 15.6 | 82.42 | 2.54 | 0.84 | NA [101.4
13A-21 |25.74{0.37 | 16.4 | 81.02{0.76 | 0.79 { NA | 98.97
14A-16 |19.64|0.37 | 21.3 | NA 1.04 | 0.92 ] NA -
14A-17 |17.04|0.50 | 21.7 [71.68 |0.94 |[ 0.80 | NA | 95.12
14A-18 |28.87|0.44 | 19.8 |74.01 | 0.94 | 0.72 | NA | 95.47
14A-19 [21.29(0.34 | 18.5 | NA 0.76 | 0.92 | NA -
14A-20 [21.26(0.40 | 19.5 | NA 0.94 | 0.78 | NA -
14A-21 (22.81|0.44 | 18.2 |76.46 {0.84 | 0.75 | NA | 96.25
15A-16 {17.60(0.44 | 12.8 | NA 0.94 | 0.82 | NA -
15A-17 [16.01(0.41 | 13.8 | NA 0.84 | 0.81] NA -
15A-18 |[13.74(0.38 | 14.4 | NA 0.94 | 0.84 | NA -
15A-19 [13.28(0.43 | 11.8 | NA 0.66 | 0.81 ] NA -
15A-20 {11.54(0.39 | 13.2 | NA 0.84 | 0.82 | NA -
15A-21 [19.31(0.36 | 12.3 | NnA [0.84 | 0.78 | NA -
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' . 252
TABLE AIV.4; Scrubber Liquor 2
Samples Analysis

Sample Liquor'AnaJysis
No. (g/1.)

F~(Average SOZ $i0,

of all

replicates) {
11A-14 2.46 0.10 0.04
11A-15 2.41 0.08 0.05
11A-16 2.76 0.12 0.07
11A-17 2.79 0.12 0.07
11A-18 2.79 0.11 0.05
11A-19 2.76 0.11 0.07
12A-14 2.61 0.17 0.02
12A-15 2.58 0.16 0.02
12A-16 2.62 0.15 0.02
12A-17 2.62 0.15 0.02
12A-18 2.64 0.16 0.02
12A-19 2.66 0.17 0.02
13A-16 2.46 0.08 0.02
13A-17 2.48 0.08 0.05
13A-18 2.44 0.08 0.02
13A-19 2.50 0.07 0.04
13A-20 2.50 0.09 0.03
13A-21 2.46. 0.08 0.03
14A-16 2.26 0.06 0.05
14A-17 2.32 0.01 0.11
14A-18 2.22 0.07 0.05
14A-19 2.28 0.07 0.09
14A-20 2.34 0.07 0.12
14A-21 2.24 0.07 0.12
15A-16 2.40 0.16 0.02.
15A-17 2.55 0.17 0.04
15A-18 2.00 0.17 0.03.
15A-19 2.50 0.13 0.04,
15A-20 2.35 0.16 0.04
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TABLE AIV.4. Contd.

- Sample
No.

15A-21
16A-16
16A-17
16A-18
16A-19
16A-20
16A-21
17A-16
17A-17
17A-18
17A-19
17A-20
17A-21
18A-16
18A-17
18A-18
18A-19
18A-20
18A-21
19A-16
19A-17
19A-18
19A-19
19A-20
“19A-21
1F-16
1F-17
1F-18
1F-19

Liquor Analysis

' (g/1.)

F"(Average SOZ Sio,

of all <

replicates)
2.35 0.16 0.04
2.55 0.28 0.04
2.30 0.27 0.05
2.70 0.27 0.03
2.65 0.23 0.05
2.60 0.22 0.04
2.30 0.29 0.05
2.57 0.32 0.08
2.70 0.36 0.11
2.82 0.34 0.07
2.87 0.33 0.11
2.82 0.32 0.09
2.67 0.32 0.11
2.45 0.17 0.04
2.98 0.22 0.05
2.76 0.22 0.04
2.52 0.18 0.05
2.70 0.20 0.04
2.62 0.20 0.05
2.68 0.32 0.018
2.48 0.26 0.018
2.50 0.26 0.018
2.47 0.26 0.019
2.62 0.24 0.018
2.64 0.27 0.018
2.54 0.18 0.021
2.68 0.19 0.020
2.595 0.20 0.020
2.57 0.19 0.019
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TABLE AIV.4. Contd,

Sample
No.

Liquo
o

r Analysis
g./1.)

F™(Average
of all
replicates)

SO4

Si0

1F-20
1F-21
2F-16
2F-17
2F-18
2F-19
2F-20
2F-21
3F-16
. 3F-17
3F-18
3F-19
3F-20
3F-21
4F-16
4F-17
4F-18
4F-19
4F-20
4F-21
5F-16

5F-18
5F-19
5F-20
5F-21
6F-16
6F-17
6F-18

5F-17

.72
.70
.65
.75
.80
.85
.86
.69
.71
.75
.70
.74
.72
.69
.61
.74
.64
.62
.68
.82
.80
.74
.84
.71
.78
.84
.68
.76
72

NN N NN DN NN NN NN NN MDD NN NN MM NN MND NN NN DD DN DNDND

O O O O O O O O O O O O O O O O O O O O O oo oo oo oo

.21
.20
.22
.25
.26
.25
.27
.22
.30
.30
.29
.28
.27
.28
.17
.19
.17
.17
.17
.19
.24
.24
.23
.24
.23
.24
.18
.18
.18

.019
.019
.018
.019
.020
.021
.021
.020
.010
.019
.019
.019
.019
.020
.020
.020
.019
.019
.020
.021
.020
.020
.020
.020
.020
.020
.021
.021
.020

O O O O O O O O O O O O O O O O OO O O OO OL OL OO OO
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TABLE AIV.4. Contd.
Sample Liquor Analysis

No. (g/1.)

F~"(Average SOZ 5102

of all

replicates)
6F-19 2.71 0.18 0.020 |
6F-20 2.76 0.19 0.021
6F-21 2.71 0.18 0.021
7F-16 2.62 0.23 0.018
7F~17 2.78 0.27 0.019
7F-18 2.72 0.26 0.018
7F-19 2.72 0.25 0.019
7F-20| - 2.69 0.24 0.019
7F-21 2.58 0.23 0.01¢
8F-16 2.67 0.12 0.020
8F-17 | 2.71 0.13 0.020
8F-18 2.74 0.11 0.021
8F-19 2.78 0.14 0.021
8F-20 2.80 0.14 0.021
8F-21 2.80 0.13 0.022
9F-16 2.67 0.22 0.021
9F-17 2.66 0.19 0.020
9F-18 2.63 0.17 0.021
9F-19 2.61 0.15 0.020
9F-20 2.53 0.18 0.020
9F-21 2.69 0.19 0.021
10F-16 2.66 0.30 0.019
10F-17 2.62 0.35 0.019
10F-18 2.64 0.29 0.018
10F-19 2.63 0.31 0.019
10F-20 2.69 0.42 0.018
10F-21 2.61 0.32 0.018
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TABLE AIV.5; Ga

s Transfer Line Sludge Analysis

Run Fraction | Fraction
Solids Liquid Liquid Portion Solids Portion
No. In Sludgel In Sludge (g/g. of Liquid) (%)
S0,° F- -5102 Cas0, 510,
16A 0.1060 0.8940 0.8870 |0.00054 |0.00005 {99.0 0.694
17A 0.0528 0.9472 0.8851 [0.00516 |0.00025 [99.0 1.064
18A 0.02850 {0.9715 0.8252 |0.0038 |0.00031 {99.0 0.467
19A 0.06177 [0.9382 0.8763 [0.00482 |[0.00067 |99.0 0.138
2F 0.0515 0.94848 0.91692/0.00310 | 0.00043 {82.50 | 0.301
3F 0.07146 |0.92853 0.96665/0.00291 | 0.00016 |94.70 0.314
5F 0.2470 0.75298 0.7344 {0.00373 | 0.00637 |93.51 0.0
7F 0.2614 0.73836 0.97726(0.00176 | 0.00062 |54.74 0.0.
10F 0.02615 [0.9738 0.94917(0.00370 | 0.00051 [99.73 0.00245
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TABLE AIV.6, 5102 Content Of Solids, Of Solids

Out Sample Where Only The Scrubber

Effluent Analysis Was Done

257

Sample %510 Sample %10, Sample %5102
No. No. No-
16A-16 0.12 19A-19 0.86 4F-16 0.77
16A-17 0.20 19A-20 0.84 4F-17 0.69
16A-18 0.44 19A-21 0.85 AF-18 0.67
16A-19 0.24 1F-16 0.79 4F-19 0.71
16A-20 0.15 1F-17 0.79 AF-20 0.72
16A-21 0.41 1F-18 0.78 AF-21 0.71
17A- 16 0.80 1F-19 0.83 5F-16 0.79
17A-17 0.79 1F-20 0.79 5F-17 0.80
17A-18 0.80 1F-21 0.77 5F-18 0.79
17A-19 0.78 2F-16 0.78 5F-19 0.80
17A-20 0.81 2F-17 0.80 5F-20 0.79
17A-21 0.80 2F-18 0.76 5F-21 0.81
18A-16 0.91 2F-19 0.76 6F-16 0.77
18A-17 0.76 L2F-20 0.75 6F-17 0.76
18A-18 0.70 2F-21 0.75 6F-18 0.77
18A-19 0.79 3F-16 0.77 6F-19 0.78
18A-20 0.76 3F-17 0.77 6F-20 0.76
18A-21 0.78 3F-18 0.76 6F-21 0.76
19A-16 0.83 3F-19 0.75 7F-16 0.76
19A-17 0.89 3F-20 0.75 7F-17 0.76
19A-18 0.88 3F-21 0.76 7F-18 0.76
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TABLE AIV.6, Contd.

Sample %510, Sample %sfoz
No. No.

7F-19 0.75 9F-18 0.78
7F-20 0.76 9F-19 0.78
7E-21 0.75 9F-20 0.76
8F-16 0.73 9F-21 0.79
8F-17 0.75 10F-16 0.78
8F-18 0.73 10F-17 0.81
8F-19 0.74 10F-18 0.80
8F-20 0.76 10F-19 0.80
8F-21 0.74 10F-20 0.78
9F-16 0.76 10F-21 0.81
9F-17 0.75
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TABLE AIV.7 Mass Balances and Conversions Using the Reported Solids Out
Analysis Assuming CaCO3 Formation During Filtration; No
Solids Out Flow Correction
Run Sample Conversions Error in Mass Balances (a)
(%) (%)
No. No.
CaF, H,S0, Si0, (b)| Calcium Sulfate Fluorine

14 69.09 62.42 27 .25 -12.02 ~5.04 -2.93
15 69.95 65.61 20.03 -6.21 -1.64 -5.13

11A 16 ' 71.54 63.80 23.10 -8.52 -0.60 2.69
17 74 .87 65.07 22.21 -10.86 -0.97 0.16
18 ' 70.75 66.09 19.46 -3.94 -4.05 4,29
19 73.54 66.54 20.19 -10.31 -3.18 0.69

Average 71.62 64.92 22.04

14 85.63 76.23 5.31 -5.57 3.59 -1.37
15 84.58 75.87 13.64 -4.94 3.57 ~-0.32

12A 16 83.49 77 .09 5.98 -4.13 2.11 1.09
17 83.83 75.73 5.90 -5.25 2.69 0.75
18 85.47 80.42 6.85 -2.36 2.44 ~1.22
19 87.29 80.04 neq. -3.73 3.22 ~-3.36

Average 85.06 77 .56 7.54

(a) A negative sign indicates accumulation.
{(b) indicates more 3102-1eaving in solids than entered in spar.

neg.

642



260

T1° 91 10°6/  S¥°89 abeuany
212 08" b- €9°0 87" 21 €2'08  0z2'0L 12
20°¢€ 65" 2- 88" b L8711 $1°08  01°89 02
0070 1§°¢- 66" ¥ *bau 89°18 8€°69 61 VI
67" T- 2y b- L17¢- Lt 81 LS VL 9689 81
28" L ¥ 21~ LL°G [6°1 08°68  6I°€9 L1
30" ¢ 05" ¢- 9 b Bau Sp°8L  29°G9 91
: - £€9°8. 8L 2L obeudny
18°€ ¥0°G- -  ¥0°'v - TR 18°LL #5721 12
28" ¥ 28 2- 19°8 *Bau p1 08  9£°€L 02
21°6 G1°9- 91" ¢ LE" ¥ 908, 1§52/ 61 Vet
82°5 £9°9- 59" T “Bau 85°/8 2570/ 81
0" ¥ 17°0-  28°¢€ 61°8 L0°€L  §9°2L L1
1e°1 2€ b- %50~ *Bau €1°§L  11°6L 91
QuLJOn4  81R4INS  wWnidje) 015 LAY ¢Jeg
(%) (%) "ON "oN
saduejeg SSeEl UL 40443 SUOLSJA3AUO] m_.aEmm uny
panuLiuey /*AIY 374YL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



261

_ 96°¢ 21°6G8 9801/ abeuany
CeTU - 88" 1 87" ¢- 1/°01 82'6/  16°08 12
59"y~ 01" ¢- 1572 P11 31°88 08/ 02
25°2- 86°1- 52°1 §5°2 1288 e 08 61 vor
[1'%1-  00°¢- 9" 1 0770 19768 €b 9/ 81
98° 1 12°2- S7° 0 0L b 6L°98 25 L/ L1
¥ p- 11°1- 59°0- [6°¢ 62°¥8  t2'6L 91
suL4oni4  83es|ng  unidfe) ¢oLs Posly ¢Jeq
(%) (%) ‘o o)
S9oUR[RY SSBY UL 40443 SUOLS4IAUCY arduesg uny
panuL3uo)y £ AIY 378VL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE AIV.8 Mass Balances and Conversions Using Reported Solids OQut
Analysis Assuming Cacog Formation During Filtration;
Solids OQut Flow Rate Corrected to Force a Sulfate Balance

‘uoissiuuad Jnoyym payqiyosd uononpoidas Jayung “1aumo JBuAdoo sy jo uoissiwiad yum paonpoidsay

Run Sample Conversions ' Error in Mass Balances (a)
No. No. (%) (%)
CaF, H,S0, $i0, (b)| Calcium Fluorine Silica
14 67.45 60.48 23.39 -7.35 -1.29 14.46
15 69.44 65.05 .18.69 -4.64 -4 .63 28.63
11A 16 71.37 63.59 22.63 -7.97 2.86 43.61
17 - 74.62 64.73 . 21.44 -9.99 0.41 44.80
18 69.51 64.71 16.06 -5.09 5.52 31.26
19 72.67 65.48 17.57 -7.37 1.56 48.68
Average 70.84 64.08 19.96
14 86.12 76.99 8.59 -8.85 -1.87 14.48
15 85.11 76.64 16.62 -8.22 -0.86 6.45
16 83.83 77 .52 7.39 -6.12 0.75 15.14
12A 17 84.25 = 76.31 8.36 -7.73 0.33 14.71
18 85.82 80.84 9.07 -4,69 -1.56 14.00
19 87.69 80.60 neg. ~6.73 -3.76 37.08
Average 85.47 78.15
a) A negative sign indicates accumulation.
b) neg. indicates more 3102 leaving in solids than entered in spar.

29¢
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RABLE AIV.9 Mass Balances and Conversions Using Reported Solids Out
Analysis Assuming CaCO3 Formation Prior to Filtration of
Solids Sample; No Solids Out Flow Correction.

‘uoissiwiad 1noyum payqiyosd uononposdal Jayung “Jeumo ybLIAdoo sy o uoissiwied yum paonpoisdoy

Run Sample Conversions Error in Mass Balances (a)
No. No. _ (%) (%)
CaF, H,S0, Si0,(b)| Calcium Sulfate Fluorine
14 68.28 63.97 25.37 -12.15 -7.50 -2.12
15 69.42 66.73 18.62 -6.37 -3.41 -4.61
16 70.81 65.38 21.12 -8.55 -2.91 3.42
11A 17 74.51  66.04 21.10 | -11.24 -2.66 0.51
18 710.27 67.17 18.15 - 9.32 -5.86 4.76
19 72.75 68.44 17.82 -10.18 -5.71 1.47
Average 71.01 66.28 20.36
14 85.28 77.177 3.01 -5.53 1.77 -1.02
15 84.00 78.32 10.35 -4.64 0.86 0.26
' 16 83.21 78.23 4.39 -4.53 0.32 1.37
12 17 83.56  76.88 4.32 | -5.69 0.84  1.02
18 85:16  81.87 4.88 -2.66 0.40 -0.90
19 87.10. ‘81.08 neg. -4.09 1.64 -3.17
Average 84.71 79.01 5.39
(a) A negative sign indicates accumulation. '
(b) neg. indicates more $i0, leaving in solids than entered in spar.
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TABLE AIV.10 Mass Balances and Conversions Using the Reported Solids Out
Analysis Assuming CaCO3 Formation Prior to Filtration of Sample

"uoissiuuad noyum panqiyosd uononpoudas Jeyung Jaumo JybuAdos sy jo uolssiwiad yum paonpoiday

Solids; Solids Out Flow Corrected to Force a Sulfate Balance.
Run Sample Conversions Error in Mass Balances (a)
No. No. (%) (%)
CaF, H2504 SiOZ(b) Calcium Fluorine Silica
14 65.71 61.14 19.30 -5.03 0.45 18.56
15 '68.35 65.57 15.78 -3.11 -3.53 31.53
16 69.92 64.38 18.72 -5.78 4.31 47 .53
11A 17 73.82 65.14 18.97 -8.84 1.21 47,28
18 68.44 65.17 13,11 -3.65 6.59 34.20
19. 71.09 66.60 12.81 -4.73 3.14 53.44
Average 69.56 64.57 16.45
14 85.55  78.12 4.8 -7.27  -1.29 18.27
15 84.13 78.49 11.12 -5.45 0.13 11.96
127 16 83.26 78.29 4.66 -4.80 1.33 18.40
17 83.70 77.06 5.14 -6.50 0.88 17.93
18 85.22 81.94 5.26 -3.07 -0.97 17.81
19 87.31 81.36 neg -5.68 -3.38 40.54
Average 84 .86 79.21 6.20
(a) A negative sign indicates accumulation.
(b) neg.

indicates more 5102 Teaving in solids than entered in spar.
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TABLE AIV.11

Mass Balances and Conversions Based on the Caustic Liquor

Analysis
Run Sample Conversions Error in Mass Balances (a)
No. No. (%) (%)
Can HZSO4 5102(b) Calcium Sulfate Silica
14 66.16 66.47 18.26 0.67 0.66 19.60
15 64.82 65.18 13.21 0.60 0.60 34.11
11A 16 74.23 74.24 11.81 0.36 0.36 54 .43
17 75.03 75.01 11.50 0.47 0.46 54.76
18 75.03 75.01 8.98 0.58 0.58 38.34
19 74.63 74.24 10.64 0.48 0.48 = 55.61
Average 74.63 74.62 12.4 ' ,
14 84.26 84.04 neg. 0.95 0.94 25.50
15 84.26 84.04 neg. 1.02 1.01 16,86
12A 16 84.59 84.36° ‘neg. 0.96 0.96 24.41
17 84.59 84 .36 neg. 0.95 0.94 25.64
18 84.26 84.04 2.51 0.99 0.98 20.56
19 83.93 83.73 neg. 0.79 0.78 46 .30
Average 84.31 84.04 -

(a) A negative sign indicates accumulation.
leaving in solids than entered in spar.

(b) neg.

indicates more Si0

2
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