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ABSTRACT
5 The effects of a number of operating variables
upon the properties of the preclpltatlon of uranium from

agueous solution using hydrogen perokxide were evaluated.

The reactjon studied was

©U02(S04)3"” + 2H,0 + H,0,+U04+2H,0 + 350,2" + 2m%

The operating variables studied were; 1)'the initial-uranium
concentration, 2) the amount of ‘hydrogen peroxide added, 3)
the pIEClpltathn pH, 4) sulphate concentratlon in the
solutlon, 5) the re51dence time in the prec1pltator. The
effects of these operating variables upon the following .
precipitation properties were evaluated; 1) filtercake
yield, 2) amount,o} uranium precipitated, 3) concentration
of uran}um_in the barrens, 4) the conversion, 5) uranium
content of the- cake, é) sulphur content of the cake, 75
: parricle size, 8) particle size distribution.

The effects of the operating variables ppon‘the
responses were determined by obtaining the parameters of an

empirical model of the form " ' ’

b 4 =_Sg +81x1 + Ba2xz + ... +,B12X1X2 + ... + BysXyXs

q_/

;
oo tBosXxs

P
\‘ \ /
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A two lével fractional factorial desigrfTwas used as the

. basis for two experimental plans to screen out any insignificant

‘, -
effects. These two experfimental plans were; 1) a central &



- . : . ii ¢ R ' . a
composite design and 2) the fractional factorial design with
_added centrepoints. The adequacy of the resultant mddels
was"evaluated}using a quantitative lack of fit test. In

general, the deels describing the system responses derived

from the central composite aesign did not pass this test.
For the ffactional factorial design with centrepoints, mbs£
of ﬁhe response\variables were“adequately modeiled; | ] L
The resultant modgls iﬁdicated that the'féspénses

were primarily dependent ﬁpon the initial uranium content.of
the solution although the filtercake yield and uranium |
content of the barrens also depended upon the pH. Along
with being affectéd'by the initial uranium cohcept;atibn,
- the amOunt'of'uranium precipitated was found to be.afféctéd
by the amount of hydrogen peroxide added and thg total
sulphate in the solution. The concenératibh of uranium in
the barrens was.not adequaﬁe%y modelled by eitheﬁ‘experiméntal
design, however, the resultant parameter Qalues were consistent
with what would be expected from a mass balance on the
uranium. The amount of uranium precipitated and the uranium
concentration of the.barrens Jaried in opposité diréctions
as the dpera£ing variables were changed.

. Overall,‘thé fesﬁltsiindicated that the rasponses

’ NS .
could be adequately represented by simple linear equations.



N _ - . idd '

The exper1menta1 des;gn techniques may he useful in an

actual uranlum mill that may be con31der1ng a changeover to

© e

. the hydrogen peroxide preczpltatlon method.
. L S
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1. 'INTRODUCTION

| The precipiﬁation of uraﬂium from aqueous solutions
to form yellowcake is an important step towards the final
fuel used in quclear reactors. It is necessary for"the
yellowcéke té.be'of high éurity, have good fiitration cﬁérac-
. teristics, and £o dry readily. Yellowcake shoﬁld alsq have
goéd maferial handling characteristics. A number of methods
for obtaining yellowcake from a uranium solutioh.are in use.
Of the precipitation methods available, the precipitation of
uranium with ammonia to form ammonium diuranate is thé one
mosf-fr?hﬁently uged in North America. Ammonium diuranate
is generally of high quality, however, specifications that
must be met regarding impurity levels are becoming more
‘'stringent. Also, the o;es presgntly beiné proéessed.a;e of
a lower grade than those proéessed in the past. This ﬁas;‘
led mill operatofs to consider hydrogen peroxide precipitation
as an alternative since this precipitation method yields a
hiéh purity product under a wide‘range of conditions. 1In
order to convert from one Precipitation method to another,
it is neceésary to‘know how the'properties of the uranium-.
solution affect the characteristics of the precipitation.
Some of the critical factors include: |

1) the initial u;aﬂium concentration

2) the H202/U molar Jatio

3)  the excess -sulphate in the solution



4) th¢ p;eéipitatipn pH
5) - the residence time in the precipitator.
Other variables that could be considered are the-
mixing characteristics, tempe;atﬁre and impurify levels in
the solut;on.— These variables were not studied in this . = *
work, but could be part of the expérimental design 'in an

‘_ .
actual plant.

Most of theﬁresearch,in'hydrogén peroxiﬁé precipi-
tation of uranidm has been_direéted towards determining how
the above factors affect the, barrens concentration (i.e;
uranium concentration of the fiitraté). One of'the 6bjectives
of this study was to extend this work to determine how other
characteristics of the precipitation'wefé affected by the
operating variables, These charaétefiégfés include filtercake
yield, uranium content of Ehe cake, the amount of urahiuﬁ
precipitated, the sulphur content of the cake, and the
particle size and size distribution of the precipitate.
Filtercake yield differs from the amount o} uranium precipi-
tated by the facﬁ that the filtercake will contain impurities
such as hydrated water_and some residual moisture which
would later be removed in drying operations.; The amount of
urénium precipitated is a measure of the efkiciency of the
reaction.

If hydrogen peroxide precipitatibn is to be considered

by a uranium mill without any major chénges being made to



the rest of the process, it would be of partlcular 1mportance-
to evaluate the effects of process variables upon the precipi--
tatioh properties. A method whlch will measure the effects.

of process varlables upon a group of response variables is
experlmental design. In this studx, two different experimental
designs were used. Both_experimental designs used a 25.
factorial design as a basis::-one design being a central
compoelte design, the other belng the factorlal des;gn with

the centrep01nts included. .This method of experlmentatlon
1nvolves fitting experimental data to an empirical llnear

model whlch allows for the screening out of unlmportant
varlables The disadvantages of the experimental design
methods employed in this study are the inabilities to e#tra-
polate.beyond the experimehtal points and to derive the

. parameters in a complex mechanistic model. These experlmental .
destgns are also limited to data whlch can be well descrlbed
by a simply polynomlal f{i.e. the data is not highly non-

lénear in nature). fhe‘effeétiVeness of the resultant

linear equations in describing system behaviour has been
-evaluated to determine whether the possibility exists of
employing these methods fot describing the system in an

actual uranipm mill.
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2. LITERATURE SURVEY

Ll

2.1 %The Productioﬁ of Yellowcaké» . ; _
_ . : ]

. There are a number of different processing methods

used for the production of yellowcake. The choice of one
method over another depends p:i@arily'hpén the uranium.
séecigs in ;he ore, impuritieé such as Yanadium and molybdenum
which.may be preséné, and the cost and avairability of the
_precipitating reagents. ‘(" |

No maﬁter which process is chosen, the operations
are similar. The differences lie in the chemicals which'are
used for-any of the steps and whgther ion exchange or solvent
extraction is used." Tﬁeée steps include; 1) grinding of the
ore, 2) leéching of'ﬁhe ore, 3) so%vent extfaction or ion
exchange of the uraﬁium from the leach s&lution, 4).strippin;\
of the organ;c phase in solvent extractlon or elution of the
ionic exchange resin, 5) prec1pltat10n of the uranium from
‘the strlé soiutlop, 6) separation of the yellowcake by
thickeningfand filtration, 7) drying of the precipitate, 8)
calcinatioﬁ to form.U;OQ. A'prical précess flowsheet. is -
provided in Figure 2.1. A number of authors have written
ektensivély upon current uranium miliing practices with the
eﬁphésis'being upon tdé solvent extraction or ion exchange
~circuits (1-4}. ;A_brief-overviqw of current practices is

given below;
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Process Flow Sheet for a Typical Uranium

—

Figure 2.1:
Milling Process
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2:1.1 Leaching R ' »

The ore is leached either by an acid leach using
- . . _ ':‘
H,SO, to form UO;(SO.):* or by an alkaline leach with Na,CO;
to give U0,(C03)3"  in solution. Acid-leaching is never

performed when the concentration of calcium carbonate the~

‘re exceeds 6% by weight (3). THhe concentration of
required in the'leach'solution varies depéhdin u

type of ore being processed. For example, at the Mary

' J/fxzfﬁleen Mill in Australia, the leach is carried out using

concentrated H,SO, (98.5%) due to a high silica content in

the ore which tends to consume the acid (5). Concentrations

‘of the same order may also be required if the ore centains

H .
asphalts which also tend to consume acid (3). Less concen-
- ¥

' N
)]
The Purlex process for instance, contains 3.5 g

1

/j;;tedgasids can be used if these contaminants are not

present.j
P4
H,50./1 and 20 g SO,2 /1 in the leach solution (6).
An interesting aspect of dlkaline leaching is the
" fact that the uranium is sometimes precipitated dirgctly
from the leach solution. . The reason being that no organic
solvent has been developed to efficiently extract the uranyl
carbonate ion under the possible conditions of high salt
content which may occur at elevated pH's (7). The grade.of

the yellowcake can be as high as 70 - 75% on a U;04 basis,

however, the presence of impurities such as vanadium or
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molybdenum in unacceétable éuantities may require that the
concentrate undergo further proceésing} e.g. by dissolving
the precipitate in sto;‘followed by réﬁreééﬁitation with NH,

or H,0,.°

2.1.2 Solvent Extraction and ion Exchange

Uranium is extracted from the leach liquor by
either solvent extraction or ion exchange. Oldér mills use
strong-base ion exéhange.although solvent extraction is
gaining appeal since the process may pe run as a continuous
circuit, and the kinetics of extractioh are faster than.

those for ion exchange.
Strongrbase ion exchange involves' the following
processes depending upon the leach solution present:

2R2504  + U02(804)3%” 2 RJUO2(S04)5 + 250,27  (2:1.1)

and :
| U02(S0u) 22" + RzSO 3 RpUO,(SO4) 2 + SOL27 . (2.1.2)
for acid leach solutions or; B
4RX + UO2(CO3)3*” » R4UO2(CO3) + 4X (2.1.3)

for alkaline leach solutions at low salt content.

Boydell (2} has summarized the common elution féagents used
. . _ .

with strong-base ion exchange. *The elution reagents, the
-

uranium species with which they are used, and concentrations

are given in Table 2.1.
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Elution_ Reagents for Strong-Base

Ion-Exchange Resins (8)

-

Reagent Concentration Absorbed .

‘ . )
R,UO; (S0, ) ;+4NaCl+4RC1+4Na” +U0, (SO.) "

{g/1) : species
HNO, ) 25
(NH.)NO; - 50-75 V0, (SOL) 1~
S0, 2 i
H2SO. 105-120 o U0 (SO )3~
\
\—_
Nacl 50-55 |
Uo: (S0.) 3"~
H:SO0. , 10
NaCl 80 UO: (S04 )"
Nacl 90-110 '
N -
- UO- (CO3) 3"
NaHCO-+ . 4 , A
' =
NaHCO; - 50-80
A UO;(CO?):u_
(NH. } 2CO3 70-120
Examgle



L

WEak—basé ion exchanqg is ndé emplpyed to any
large extent. The‘chemistry of these systems is the same as
_that for solvent extraction. Weak-base ion ‘exchange resins
are more selectlve to absorblng uéénlum over some of the
commpn impurities such as vanadium and iron compared to
,qprong-base ion exchange. For this reason, they offer an
advantage as far as purity of the product is concerned.
However, the reaction kinetics are much slower than for.
étrong-base ion exchange resulting in the need for greater
residenﬁe times. Some of the weak-base elution reagents
‘used are summarized in Table 2.2.°

Solvent extraction has gained considerable attention.
as an alternati;e to ion exdhané%. It offers the advantages
of being run as a continuous circuit ang having fast extréction
kineticé. Solvent extraction cén be used with leach liquors
when the concentration of uranium is greatef than 0.1lg/l.
However, if there are significant levels of molybdenum
present, ion exchange is preferred (10). , The mbst common
extra¢tion reagents are tertlary amines in kerosené as the
organic solvent. The extraction process has the following
‘general reactions:
2 (RyNH) 280, + UO2(SO4)3" 2 (R3NH)4UO2(S04) s+ 250,27 (2.1.4)
(RsNH) ,80, + U080, 7 +(R;NH) 2 UO2(S04)z . (2.1.5)

Molybdenum if present, may be a problem because it

is preferentlally extracted over uranium within the operatlng

[
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Table 2.2

Elution Reagents for Weak-Base
Ion-Exchange Resins (9)

Concentration

Reagent

(g/ltr)
HNO < 5
(NH,)NO, 60
(NH,) SO, 480
NaCl

60-70
pH 1.9 .
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conditions of the process (113, Thus, molybdenum will be
carried thrqughout the milling process and appear as a
contaminant in the uranium precipitate. The strip reagents
used in conjunction Qith solvent extraction include:
NH3/ (NH,) 250,, NaCl, Na.CO;, or NH,Cl (2)

2.1.3 Precipitation Practice

4

?hé precipitation of uranium from the eluate or .
strip liquor is carried out in sevefal Q@ fferent ways. The
most common practices follow.
a) Precipitation with NaOH
- When an alkaline leach has been used, tﬁe uranium
is usually precipitated with NaOH according to the following
reaction: o | | .
200, (CO3) 3*” + 14NaOH + Na,U,07+ + 6Na,CO; + 8OH + 3H,0 (2.1.6)
The disadvantage of this method is that the final
product may have impurity levels that do not meet refiners'’
standards. For this reason, one or more of the folloqing
purification steps are needed (3).
i) The removal of vanadium by roasting:
Na,U,0; + Na\fo3 + Na,CO; ~+NaU,0; + Qoa' +C032" + 3NaT  (2.1.7)
ii) Tﬁe removal of“sodiuﬁ by metathesis:

. + - '
Na,Up,0; + (NH,),80, »(NH,):U207 + 2Na + SO,°2 (2.1.8)
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iii) Conversion to ammonium diuranate or

precipitation with hydrogen peroxide:

Na,U,0; + 6H;SO,» 2UO;(S0,),"" + 2Na® + 28,0 (2.1.9)
then

200, (S04) 3"~ + 6NH;»(NH,) 2U207+ + 4S0,2° . T (2.1.10)
or * .

UO; (SO4) 3“” + H20; + 2H 0+ UO,+2H,04 + 3S0.,2° + 2H' (2.1.11)

b) Ammonia P}ecipitation
The rqéovery of uranium by the addition of ammonia
is governed by equation 2.1.10 given above. Care must be
taken when using ammonia that the ammonia concentration does
not fﬁll.below the fequired stoichiometric amount. This
leads to the formation of uranium sulphate which would
result in a final product with unacceptably high sulphate
levels. Ammonia precipitation; at present, is the most
commonly used method in North America.
c) ‘Hydrogen Peroxide Precipitation
Uranium precipitation using hydrogen peroxide has
become the subject of wideépread interest. This is due to
the high purity of the product, and the favourabla physical
properties resulting in easé of thickening and filtration
operations. ;As may be‘seen in Table 2.3; peroxide preciﬁitation

can be carried out at lower temperatures and the retention

time in the precipitator is generally much less than for
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' ‘U0, (OH) ; + xXNH4 *UOz(OH)z_x(O—NHu+)x + xH
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Y ' *

other processes. - The precipitates also have much higher
settling and filtration rates.

2.2 Research in Uranium Precipitation

‘\heséarch in uraniﬁm precipitation is limited by
the fact that the results depend heavily upon the character-
‘istics of the system under study. Soﬁe of the-results of
research in uranium precipitation are as follows.

The precipitation of uranium by ammonia from
agqueous solutions has been studied with varying results (13-
17). Tomazic et. al (13) studied the system UO:;{(NO3):
-NH,OH-NH,NO;. It was fouﬁd that precipitation will otcur
only at ce{tain levelé of pH, and ammonia concentrations.
Precipitation depended upon the initial ratio of NH,OH/UO, (NO3) 2.
It was observed that there was a sudden pH drop upon the '
initiation of the reaction.

For the same system, Stuart and Whateley (14) used
infra red spectrophot&metry and thermal analysis to discover
that the formula for ammonium diuranate is only approximate.
They %ound that rather than being (NH.):;U:07;, ammonium
diuranate had a continuous ratio of NH;:U in its structure
and the reaction between UOZ(OH)ziand NH; was as follows:

+ (2.2.1)

A}



Merino (15), studied the precipitation of ammonium
diuranate with'the purpose of determiping how operatingb
conditions in the precipiﬁator affected the thickening,
filtering, stirring, pumping and drying properties.of the
yellowcake. The temperature of the precipitator was variéﬁ,

continuous and batch precipitators were used, and both NH,OH

and'gaéeous NH, were used. It was observed that adjusting

the operating variables to-make the properties of the suspension

more suitable for further processing such as settling and
filtration could adversgly affect the U305 content of fhe

final product. v '

| Rodriguez (16} investigated the recovery of uranium
from the Purlex process using ammonia. It was observed that
sulphate levels in the cake can be kept within the refiners'
Specification limits by manipulating the précipitation
temperature and kéeping‘it between 30-40°C. It was recommended
tha£ the product be calcined at 700°c.

Bryson (17) studied the electrolytic precipitatioh
of ammonium diﬁranate from sulphate solutions. The reaction
took place in the cathode department of an electrolytic
cell. He discovered that the precipitation and settling
rates of the ammoniuﬁ diuranate were correlated with the

current consumption. The two factors, however, were found

—
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to be'inversely correlated. 1In other words, to ‘increase the

settling rate, the current had to be decreased, but a decrease

in yield resulted. | : . ’

In the case of uranium peroxide preéipi@ation, the
research has been concerned with redpcing the concentration
of uranium in the’barrens solution (12, 18—22i. In some ' .
studies, however, the kinetics of the reaction have been
considered (19, 20). .Brown (12)lstudied the effect of a
number of operating conditions upon the barrens of thé
process. He recognized the fact that operating conditions
in individﬁal mills vary and deverped‘a theoretical model
to predict the barrens concentration ?or given-concentratiQns
of sulphate and chloride, pH, and pré&ipitation time. The
model was based ﬁpon the chemical equilibria\breated between

Uoz2+ with S0,?  and Cl .° The model that was giﬁen to

describe the barrens concentration using a U;0ys basis was:

U305 (g/1) = (10'PH)2 E.+ 710(S80,]12 0.88[C1]] (2.2.2)
g 56 ' T35.5
ST %37 [H02) Ki,0, |
Brown also expressed KHzoz and [H:0:] as functions
of time (12}.
Ky,0, = Ko * t;/(l + 0.0075t%) | . (2.2.3)
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[H202]) = [HO2]0 {1 - Kie th- 67 1 [Uqﬁﬁln - [Us06] _
! -t (2.2.2)
[U206] 0 .

dec Was a decomposition constant for H20.. -

. A

where K

By performing ainumber of batch precipitations,
the theoretical model wasjgompared with.;n empirical modél‘
based upon the inte:adtiohs.of the‘variables upon the barrens
concentration. It was noted that the theoretical model .
tended to undérestimate the barrens concentration and that
the emplrlcal model agreed more closely w;th the experimental
"data. The empirical model was not glven.

Shabbir and Tame (18) performed batch tests on the
same system to measure the effect of a different set of
variables upon the barrens‘and purity. A sxﬁzketic sgbck'
solution was preparea with molybdenuﬁ and v&nadium included
to determinp how pufity was influenced by their presence.

The effeét of temperature upon the barrens concentration and

Mo and V levels in the precipitate was measured. The effect

of pH upon the same two vériables was measured. It was

concluded that the reaction required more than thé stoichiometric
amount of peroxid;, the prébipitat%on was dependent upon pH,
while the vanadium content of the cake'was lowered if the

reaction pH was increased to 5. Increased temperature

resulted in an increase in the reaction rate,. but an increase
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in the vanadium and molybdenum concentrations in the cake
was also observed. 'It'was also observead that increased
sulphate levels slowed down the rate of reaction.

‘Using a spectrophotometer to measure the change bf -
U(IV) concentration with time, Bhattachanya} et. al. (19,
20) studied_ﬁhe kinetics of the reaction

U(Iv) # H,0; ~ U(VI) + 21" Lo (2.2.5)

in the presence of both sulpﬁaﬁg and chloride.

Their results indicated that the reaction could be described

by the biomolecular rate equation

-d [U(IV)] = kobs)J'Lt('Iv)] [H202] . (2.2.6)
dt )
_ +.-1.3 . . . .
Fobs = f([(H ] ) for hydrochloric acid medium
+,-.55 T .
k = £([H 1 ) for sulphuric acid medium.

obs

It was also found.that ko was a function of

bs

equilibrium constants of uranium/sulphate or uranium/chloride

complexes suspected of participating in ti? reaction mechanism.
- The implication of these studies was that the rate

of particle groch of %he uranium precipitaté woﬁld depend

upon the concentration ofgpsulphate, uranium, and peroxide

and the pH since this growth would be dependent upon the

concentratiqn of U(VI).

2.3 Crystal Growth 5

The kinetics of the growth of a precipiﬁate is

usually discussed in-the literature dealing with crystallization

ut
&
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since it has 2 lot in common with crystal growth (23). The

differénces’éitween precipitation and crystaiiiZation arise

'in the method of obtaining supersaturation. In the case of

a crystallization- process, a sapurated solution becomes
supersaturatgd either by cooling the solétion, thereby

reducing the solubility or by removal of some of the solvent

by evaporation. 1In precipitétion operations, the supersaturation
is achieved by traﬂsforming the desired product from a: )

- soluble speéies to an insoluble one by means of a'chemigal
reaction. The uranium recovery reactions fall into this,
category. '

The size and size distribution of the solid

produced by either of these methods is. important when it

comes to further processing of these materials especiallf in
solid/liquid separations such as séttlihg and filtration

rates which are dependent upoﬁ'the partiéle size. For this

reason, considerable research has. been carried out into

finding methods to predict and controi thé‘crystal size

distribution (éSD). The general equations used to analyze

crystallization/precipitation reactions are as f&llows:

Crystal growth is a mass transfer operation and as

such is dependent upon the surface area and a concentration

gradient. The mechanism involves; 1) a migratign“?f a
. L \‘
.

~

o P
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molecule from the bulk solution’to the interface between the
solution and particle with diffusion through tids in%erface,
2) a surface "reaction" (absorption) of the particle upon

the crystal surface. Jﬂ

1) dm = kja(C - C,) ' _ (2.3.1)
— 1 .
dt : ‘
_ ~ .
2) dm = k A(C, - C%) n (2.3.2)
at, . ' : : '
. Combinihguzhe two equations yields
,g% = ksa(C - C;) = k A(C;, - .C*)

KA(C - c*) o (2.3.3)

-
Il

. where +

1, + 1 |
VAR - .

This equation may be written in terms of the

(2.3.4)

(7]

radial'growtﬁ of a crystal by dividing both sides of the
‘equation by the pérticle density and the surface area,
hence, for a spherical crystal ) . N

dr = K, (€ -.C*) : ' (2.3.5)
dt. e . .
P

‘ Therefore, depending upon whether data are col-
lected in terms of the mass deposited over time or the
actual particle sizes afe measured, the crystal growth rate
may be'measured; ~The particle size ‘'analysis has the advantage,
however, of prév;ding the crygtql size distribution which is

needed for determining nucleation rates.

~ 7



",. growth does not have the chance to occur. Instead, one_
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The crystal size distribution of a crystallization
process is érimarily a result of the nucleation rate (i.e.
the rate of formation of new crystals). ' Randolph and-L&rson
(24) have developed a population ba;aﬁbe method of determining
the nuc;eation'rate based upon the effect of residence time
upon fhé CSD with the use of .an MSMPR {mixed suspension-
mixed product removal} ontinueus crystallizer. Misra and
White (25) have ad ed the popuiation balance method for
use with a batch crystallizer taking intoc account the
dynamic natu;eiof supersaturation with time.
~ Precipitation offers unique pfo?;ems in this kind |
of analysis because of the fact that the sﬁbersaﬁﬁ;ation
ratio S(=C/C*) is virtually infinity since C* is closé to
zero.luFor this reason, the radius of a stable nucleus can
be quite  small. and a large number of nuclei can form compared
to a crystalliza£ion ogeration. This can lead to the formation
of a large number of sﬁ%ll'particleé, hepénding upon‘the‘
spééd of the chemical reaction. In thislinstance,‘crystal
) , _ \
obtains a number of small uniform particles not much larger
than nucléi{ If these. particles are small enough, they may
agglomerate due to attracﬁion forces betWéen Fhe particles.
This phenomenon has been observed in precipitation progesses.
and should not be confused with crystal- growth. Whether
crystal growth or agglomeration occqrs, the paréicle size of

the'precipitate is time depéndent. :
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- .. 3. EXPERIMENTAL

3.1 Experimental Design

A factorial design approach was used to determine

the location of the experimental runs. The particular

factorial design used was a half fraction of a 2° design

.with time confounded with the other variables listed in

Table 3.1. Centrepoints and axial points were also run as
given by Bacon (26) to yield an orthogonal central composite
dégién ;o ﬁhat any quadratic effects of the main variables
coula be measured. The experimental desigg poings are given
iﬁfTable'3.2. Experimental runs 1 throughllé csr;espond to
the 2% frac;ional factorial design points, runs 17 through
26 were the axial poinfs and runs 27 through 36 were the

centrepoints of the design. (Due to difficulties in
. ) . ‘
obtaining the desired pH, the experimental pH's were not

those of the design, but are those given in brackets). An

‘explanation of the factorial design technique and -least

équare analfsis has been given in Appendix II. The
experimeq;snﬁeré run ip a randomized order.

In analyzing the data, two different expefimental
plans were used. Experimental Plan I consiﬁted of using all
36 points for the analysis (i.e. full central composite
dgsign) and Experimental Plan II in which'only the fractional

factorial design points and centrepoints were used in the



Table 3.1

-~

Design Region of Operating Variables

Initial Initial Fraction Precipita- Excess Time,
Uranium of Stoichiometric tion ' Sulphate, X;
Content, Ratio, X, ~ PH, X3 Xy

Xy . ' .

(g/1) (g mol U/g mol H,0;) (g/1) {hr)
10.0 .75 2.40 0 1
12.5 1.50 ., 2.85 4.4 2
15.0 : 2.25 3.30 8.8 3
17.5 3.00 3.75 13.2 4
20.0 3.75 4.20 17.6 5



Run
Number X
1l 12.5
2 17.5
3 12.5
4 17.5
5 12.5
6 17.5
7 12.5
8 17.5
9 12.5
10 17.5
11 12.5
12 17.5
13 12.5
14 17.5
15 12.5
16 17.5
17 ' 10.0
18 /™  20.0
19 15.0
20 15.0
21 -15.0
22 15.0
23 15.0
24 15.0
25 15.0
26 15.0
27 15.0
28 15.0
29 15.0
30 15.0
31 15.0
32 15.0
33 15.0
34 15.0
35 15.0
* 36 15.0
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.Table 3.2

The Operating Values of the
Experimental Runs

X2

1.50
1.50
3.00
3.00
1.50
1.50
3.00
3.00
1.50
1.50
3.00
" 3.00
1.50
1.50
3.00
3.00 -
2.25
2.25
.75
3.75
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25
2.25

'S

X, (pHexpt. X
2.85 (2.83) 4.4
2.85 (1.81) 4.4
2.85 (2.11) 4.4
2.85 (3.07) 4.4
3.75 (7.20) 4.4
3.75 (7.85) 4.4
3.75 (7.84) 4.4
3.75 (5.00) 4.4
2.85 (3.26) 13.2
2.85 {(1.79} 13.2
2.85 {(2.60) 13.2
2.85 (2.92) 13.2
3.75 (6.80) 13.2
3.75 (8.34) 13.2
3.75 (3.32) 13.2
3.75 {(4.65) 13.2
3.30 (8.90) 8.8
3.30 (3.22) 8.8
3.30 (3.72) 8.8
3.30 (3.63) 8.8
2.40 (1.55) —_8.8
4.20 (4.29) 8.8
3.30 (3.09) 0
3.30 (7.67) 17.6
3.30 (3.65) 8.8
3.30 {3.50) 8.8
3.30 (2.94) 8.8
3.30 (4.74) 8.8
3.30 (4.22) 8.8
3.30 (4.28) 8.8
3.30 (6.60) 8.8
3.30 (5.40) 8.8
3.30 (3.29) 8.8
3.30 (3.80) 8.8
3.30 (3.09) 8.8
3.30 (4.25) 8.8

WWWWWWwWWWWwWMFWWWWWWWWa NN BRSNS LN NN & | ™4
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analysis. -Plan I which contained the axial pointé would be
useful if any quadratic effects of the main variables are
present. 1In the absence 6f quadratic effects, Plan II

should yield comparable results with fewer runs. Experimental
Plan II is a more eéonomical design since only 26 runs are
involved.. It would be the more desirable ‘'pPlan to use in
practice because of the fewer runs 1nvolved. If it is
suspected that after performing the runs of Plan II, that
quadratié effects may be important, then the axial runs may

be performed aftexwards. \
To reduce the correlations among the parameter

estimates, the operating variables presented in Table 3.2

were coded in the following manner.

X; = Xy - 15 . (3.1)

2.5 o
P

"Xz = X3 - 3.25 ' (3.2)
.75

X3 = X3 - 4.3669 -{3.3)
3.675

X, = X, — 8.8 (3.4)

' i‘i

Xs = X5 = 1 (3.5)

1

[ -

The coded values of the operating variables are:

presented in Table 3.3.
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Table 3;3

X,

.4182
.6958
.6141
©.3529
~.7709
.9478
. 9450
.1722
.3012
.7012
.4808
.3937
.6620
1.0811
- .2849
.0770
1.2335
- .3125
.1765
.2010
.7670
.0214
.3479
.8983
.1955
.2364
.3887
.1011
.0404
.0241
.6072
. 2807
.2935
.1547
.3479
.0323

¢

T

. * 1 .
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A
It was “Also noted that possibly, the responses

could be better correlated with different férms of x2, x3,

and ‘x,, denoted by x.*, xi:*, and x.,*. For example, rather
than using pH, [H+] was used. Sihce pH is a logarithmic

form of [H'], the nonlinear nature of pH may affect the
analysis. Using the molar ratio of H;0; to Uranium may #lgo
yield misleading results. ﬁ’r example, a molar ratio of

1.50 would require different amounts of H,0, to be added
depending upon whether the initial solution contained'lz.Sg
u/1 or 17.5g U/l. This would lead to 2 actual levels of
peroxide being added (i.e. to get a molar ratid of 1.50 foru

a 12.5 g/1 solution add 2.68 g H;0:/1 for a {7.5 gU/l solution,
add 3.75 gH;02/1). Because of the different amounts of H.0.
added to achieve an equivalent molar ratio, thefé were actually
9 different levels of hydrogen peroxide added.. The excess
sulphate was that amount of sulphate added to the system

over and above that needed to form UO:(SO.):" whereas, the
total sulphate was the excess plus this stoichiometric

amount. There were actually 11 levels of total suléhdge as
opposed to the 5 levels of excess sulphate. The coding used

to. transform these three operating variables were as follows:
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Xa* = (‘Hzoz)u - 4.82 ) (3.6)
T 6.42. :
x:* = [HT] - .0022224 . (3.7)
: 0140917 o
x,* = (Total SO.) - 27.33 " (3.8)
5.8

. The coded valyes for x,*,>x3* and ' have'beeh presented in
Table 3.4. L‘

With this in mind, four different cases were
evaluated to determine which (if any) of these representations
may yield different results. These were:

Case 1 The data were analyzed with the original variables
§TG X2, X3, X4, and Xs.

" Case 2 The—data were analyzed using [af] {ather than pH,
i;e. the effects of xi1, x:2, Xs*;IXu, and xs.
Case 3 For this case X2 and X were replaced in Case 1 with
2%, and xX.* respécﬁively to analyzg the effects of xi, x:*,
X3, Xu«* and xs. '
Case 4 The three variables X2, X1, and Xx. were al; replaced
wiéh X2%, X3*, and X.* to analyze the effects of xi1, x:%,

X3%, X,* and xs.

-
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s

Tahle 3.4

The Alternatlve Values for Cases 2, 3, and 4

CRmn K0 Bt Coged Total Coged
Mumber Concentration x, Concentration x, S04 x,
{a/1) (mol/1) {g/1)

1 2.68 -.3333 1.4791x107* - ,0527447 19.84 - .8511
2 3.75 -.1667. 1.5488x1072 .9413789 26.02 - .1489
3 5.36 " .0833 7.7625x107? .3131398 19.84 - .85111
4 7.50 .4167 8.5114x107 - ,0973073 26.02 - .1489"
5 2.68 -.3333 6.3096x107% - .1577010 19.84 = .8511
6 3.75 -.1667 1.4125x107® - .1577054 26.02 - .1489
7 5.36 .0833 1.4454x107% - .1577054 19.84 -~ .8511
8 7.50 -4167 1.0000x10™5 - .1575282 26.02 - .1489
9 2.68 -.3333 5.495440™ - .1187095 28.64 .1489

10 3.75 -.1667 1.6218x107° .9931746 34.82 ~8511

11 5.36 .0833 2.5119x1073 .0205422 28.64 .1489

12 7.50 .4167 1.2023x1073 - .0723907 34.82 .8511

13 2.68 -.3333 1.5849x1077 - .1576952 28.64 .1489

14 3.75 -.1667 4.5709107% - .1577061 34.82 .8511

15 5.36 .0833 4.7863x107" - .1237415 28.64 .1489

16 7.50 L4167 2.2387x107% - ,1561178 34.82 .8511

S 17 3.21 -.2500 1.2589x10"®* - .1577063 21.15 - .7023

18 6.43 -2500 6.0258x107% - .1149471 33.51 .7023

19 1.61 -.5000 1.9055x107+ - ,1438360 27.33 0

20 8.04 .5000 2.34420™* - .1410711 27.33 O

21 4.82 0+ ; 2.8184x107° 1.8422936 27.33 O

22 4.82 0 * 5.1286x107% - ,1540670 "27.33 O

23 4.82 0 8.1283x107% - .1000257 18.53 -1

24 4.82 0 2.1380x107% - .1577049 36.13 1

25 4.82 0 2.2387x107% - .1418198 27.33 O

26 4.82 o . 3.1623x107 - .1352660 27.33 O

27 . 4.82 0 1.1482x1073 = .0762305 27.33 0

28 4.82 0 1.8197x10"% - ,1564151 27.33 O

29 4.82 0 6.0256x107> - .1534305 27.33 0

30 4.82 0 5.2481x107% - .1539822 27.33 O

31 4.82 0 2.5119x10°7 - .1576886 27.33 0

32 4.82 0 3.9811x107% - .1574239 27.33 O

33 4.82 0 5.1286x107 ~ .1213124 27.33 O

34 4.82 4] 1.5849x10" - .1464596 27.33 O

35 4.82 0 8.1283:10°% - .1000257 27.33 O

36 4.82 0 5.6234x1075 - .1537159 27.33 0O
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3.2 Experimental Procedure

The éhemicals used in the experimental procedure
were those ,listed in Table 3.5. The uranium source was a
blend of scrap yellowcake from previous expefimental investi-
gations. The blended yellowcake was analyzgd for,ﬁfanium
content which was found to be 67.86% U by weight. -

The reqﬁired amount of yellowcake for any given
run was dissolved in the stoichiometric amount of sulphuric
acid to form UO:2{S0.,);" . The excess amount of H,S0, required
by the design was algo added at this stage. A small amount
of Qistillea water was added to the solution to utilize the
heat of reaction to facilitate in the dissolution.of the
uranium. After complete dissolution of the solids, the
solution was transferred to a 1 litre volumetric flask and
diluted with distilled water. The sclution was then transferred
to a 4 litre beaker and the mixer was started. The mixer
used was a variable speed mixer:with a propellor type impeller
having 1" blades. Magnesium oxide was added to increase the
PH to agproximately 3.0 followed by the rapid addition of
the experimental amount of 30% hydrogen peroxide. Magnesium
oxide was then added to adjust the pH. The suspension was
then continually stirred at 175 rpm (stirrer Reynolds Number

was approximately 1500) throughout the time of the run.



. Table 3.5

Summary of Chemicals

Chemical Supplier
H,S0. ' Anachemia
30% H,0, Anachemia
MgQ Powder ' Baker
pH Buffers Fisher
2.00+.02
4.00+.02
7.00%.02 N

9.00+.02

Used

Grade

Reagent, 98% H,S0,
Reagent, 31% H,0,

.Reagent, 97.4% MgO
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After the required time.had.pasééég-the suspension
was filtered through a Buchner funnel using Whatmgh 42
filter paper. The‘filtrﬁte was sent to the analytical
chemistry depart@ent af CANMET to determine the uranium in
the barrens solution. The filtercake was-ai: dried for two
to three days then weighed on a Mettiér balance to give the
filtercake yield; The 'cake was then sent for analysis to
determine the uranium, magnesium and sulphur contents of the

cake.

pH Measurement

The pH was measﬁred'using a Fisher Accumet Model
420 pH/Ion Meter. For the experimental runs, the pH meter
was calibrated using a buffer solution of pH 2.00 and the
digestion pH was noted. After filtration, the pH of the
solution was again measuredxgy célibrating the pH meter
using a pH standard closer to the noted pH. The pH determined

at this point was considered to be the precipitation pH.

The Determination of the Uranium Values

The uranium contents of the cake and of the filtrate
were determined by the analytical chemistry division of
CANMET . TheJEhalytical method used was fluorimetry (27).

This method is, described in Appendix III.

”
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Particle Size Analysis

. ) , . )
The particle size analyses &f the samples were .

-

carried .out using image analysis techniques by CANMET personnel.
e .

~ A small sample for each run was mounted upon a microscope

L]

slide in emulsion o0il and placed under a microscope. An
image of the field was transmitted to a computer which

performed the .analysis. Right to ten fields were analyzed

. for each sample. The resultant data were presented in terms

of the percentage of the sample which would be retained by a

sieve of the given size.
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¥ 4. RESULTS AND DISCUSSION

-~ «,4.1 BAnalysis of Results

S~

The experimental results including the particle
size analyses are presenfed in Appendix I. Each set of data
Hdg been analyzed using least squares by fitting the data to
the linear equation; -

; = Eo + Elii +§2xz + ...+ E12x1xz + 513XIXE + ...

+ éasqus + gllxlz + .. 4 éssxéz’ _ . (4.1)
for the central composite design (Experimental Plan I) foril
each of the four cases presented in chapte£.3. For the |
fractional factorial design with centrepoints (Plan II), the
quadratic effects were dropped from‘équatgon 4.1 (e.q. 51:X12
to Essxsz), hence, only the main ef?ects and 2 variable

o
interaction effects were hnalyzed. Only cases 1 and 3 were

in
used for the analysf§. The resultant parameter values from
sthe least squéres analysis of eguation 4.1 werg evaulated | {)
for their significance by calculatiﬁg their 80, 90 and 95%
confidence intervals. The reason for calculating the 80 and
90% confidence iﬁtervals was_becaﬁse of the correlation
amoné the parémeter values (i.e. the value of one parameter
affected the value of'anotheriq~ 1This correlation was caused
by £he fact that the e;pefimental precipitapion pH was not
the same as the design precipitation pH. Due to this, correlation,

it was felt that certain significant terms may be dropped



prematurély; In'othq; words, the joint'boefiffgce region of
the parameters may have been of such a nature to cause
significant terms to haﬁé a value close to zero for the

// given least sguares estimates. The.B0 and 90% confidence

intervals are narrower than the 95% confidence interval, and

therefore may exclude zero fr?m the interval. Hence, some .
pgfameters £hat were plaugibly zero at 95% were Hot plausibly
zZero aﬁ,BO or 90%. In all, three sets of éarameter'va1Ues_
were initially calculatedl(on; for each initial confidence
qiggervill: Any parameter values that were plausibly zero
(i.ii the value of zero was contained within the interval)
v wére dropped from equation 4.1.. The resultant équations
(one for each initial confidence interval) were then subjected
to the regression analysis. At this point, and for any
‘-fﬁrfﬂ%r iterations, only thg 95% confidence intervals of the
paréheﬁers were calculated. The procedure was continued
until no more parémeters were deemed iﬁsignificant. The
procq&uie fbr calculéting the confidence intervals is given
. 'in AppendixlII}\\E?e‘results of the regreés%on analyses
-~ -
indicated\&Pat some additional terms did appear in the f%nal
equation for the initial 80 and 90% confidence intervals.
In.othér words, mofe than one model cbuld occur for any one

of the four cases examined (i.e. for different initial

‘ ((f'qpnfidéhce intervals). If more than one model existed, the
-2
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'neeaifbt'ggditionai terms was evaluated by calculating the;
tatiq} Q, where Q is given by (28) . : .

Q =1 -(SSR from Model A) - (SSR from Model B) (4.2)
B :7 {Number of parameters - (Number of Parameters
T ’ in Model B) -in Model A)

i | o

. where o = SSR/(n-p) for the model with the most terms (Model B)

& * . -, .The ratio,-Q, was compared with Fy_os, where v,

V1,V2
-.L§é§ the difference_in‘the number of parameters of models A
eﬁd'é'andivz-was the value of n~§ for model B. If Q Qas
1arger £han F, then the need for the extra terms was considered
"51gn1f1cant (1 e. the extra terms were needed). This was a
signlfleenee test of the null hypothe51s that all of the

.true .values of the additional parameters of model B were

zZero..

The models were also tested for lack of fit to
Tdetefﬁine whether they accurately described the data: This
was;dbne using a quantitative lack of fit test by calculating
'the ratlo, R, where R is given by (29) |

R = (SSR — vzo )/(n—p-uz) ’ (4.3)

&~
~
..V 0
: c.p.*
2 P .
AI_. - ) .. .
Awheie d,c-p -was the estimated variance at the centrepolnts

"'assumlnq the p0551ble effect of pH or [H 1 1n this region was

_ negllglble and vz was the degrees of freedom associated

'with uc p. The variances used for calculatihg the ratio, R, .
.. , .P. . i ) ,

have been given 'in Table 4.1. It was recognized that these
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Table 4.1

= . Means and Variances of the Response Variables

at the Design Centrepoint

Variable

Filtercake Yield (qg)
Uranium Precipitated (g)
—_— Uranium Content of the Cake (wt%)
, Barrens (g/1) -
. Conversion (%)
Sulphur {wt%)
Mean Particle Size {(um).
Particle Size Distribution

~2
Mean -
23.899 .324
14.435 .149
60.409 ) 1.452 _5
.0023 1.489%x10
98.440 1.457 '
.216 . 007
- '8.884 7.094
.388 . 006
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vaiiance estimates were not good estimates of the pure error
variance since the pH variedffrqm run to run. However, the
actual pure error variance would be a much smaller value.
Any model which did. not pass the lack of fit test with the
variance est@mate tﬁat was used, would not pass the lack of
fit test with a.better estimate of the pure error variance.
The ratiq, R, was qompared with Fo.us,vl'vz‘to determine
. whether a quantitative lack of fit was evident. ” This was a
significance test of the null hypothesis that the bias due
to model inadequacy is zero (i.e. the error caused.by lack
of fit was not siénificantly greater than the pure error).
The results of the analyses are‘presented'ih the
ensuing tables fér each of the responses. The parameter
values diven are those for the coded variables. The staés
signify that the parémeter value was estimated using the
alternativg set of operating variables (e.g. x:* instead of
X2). The ensuing figures were drawn by calculating the Y
responses with the given parameters using the coded fog@ of

Co
the significant variables although these variables were,

presented in their actual form in the figures.

-t
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4.2 Filtercake Yield

The models describing filtercake yield foi Experimental

Plan I have been given in Table 4.2. Cases 1 and 3 in which
pH was a variable gave similar results which indicated that
the original uranium and peroxide concentrations (x; and x;)
were important. Cases 2 and 4 each gave two different

models depending upon which initial confiéence interval was
investigated. In both cases, testing the need for the extra
terms resulting from different initial confidence intervals
ihdicated that they were important. However, all models for.
all cases failed the gquantitative lack of fit test indicating
that the data were not well represented by the equations.
This was primarily due to the rgéponse at the point at whigh
the peroxide concentration was below the stoichiometric
amount. Plots of the models for Cases 1, 2 and 3 in Figﬁres
4.1, 4.2 and 4.3 confirmed this. Tﬁe plots also indicated
that the only obvious effect was that of the original uranium
éohgent of the solgtion. .' &

The point at which the peroxide level was below
the stoichiometric amount (Run 19) was dropped and the
effect of only the initial urapium content_upon filtercake
yield was re-evaluated for the remaining 35 runs. The
resultant equation passed the lack of fit test. A plot of

the equation has been presented (Figure 4.4). The equation
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Table 4.2

pPlausible  Models for the Filtercake Yield for
Experimental Plan I

Case/Initial Significant Parameter SSR
Model Con=. Parameters values o
Int. )
o ) (%)
1/1 all Ba 24.126+ .658 79.988 2.50
81 3.916+ .658 : i
82 1.150+ .658
B2z -1.019+ .658
2/1 95 Be 23.40 517.904 14.979
. 2/2 80,90 Bo 24.126+ .765 111.705  3.39
. 8, 3.916+ .765
B2z -1.091+ .765
3/1 all B o . 24,009+ .707 91,680 2.865
B1 . 3.426+ .788
Bo* 2.603+1.410
Baa™ 2.885+1.945
4/1 80 Bo 23.991+ .788 113.262 3.539
B1 4.191- .802
B,* -1.8}3*1.605
Byo* -2.803+2.177
4/2 90,95 Bq 23,895+ .832 132.140 4.004
8, 4.046+ .B41
Baa* ~-2.349+2.272
Q-test Results R-test Results
Model A Model B Q Case/Model * R F
2/1 2/2 60.0 3.30 1/1 10.36 2.91
4/2 4/1 5.33 4.15 2/2 14,01 2.90
N 3/1 11.91 2.91
4/1 14.81 _ 2.91
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Figure 4.2: Resultant Model for Filtercake Yield'
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(Refer to Figure 4.1 for the Legend)
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fit the data quite well although there was a wide varidtion
of filtercake yield observed at the experimental points.
fhis could be attributed to the experimental error and the
effects of ﬁH and-peroxidé levels observed whe; just the
- factorial design points and the centrepoints were analyzed.

The parameter valﬁes calculated for this eqﬁation
were not Qighificantly different than those given for the
effect of the initial uranium content for Experimental Plan
II givgn in Table 4.3. This indicated that the plausible
models for Experimental Plan II could be applicable for the
entire design region és-long as sufficient peroxide was
‘addea to the solution.

For'Experimental Plan II, a;l models passed the
lack of fit test. Again, the models for any case which
yielded extra terms indicated that the need for these terms
was significant. Therefore, for Case 1, both the original

uranium concentration and the pH were impo;tanﬁ aﬁd for Case
l3, the above two variables were important in additioﬁ to the
initial perbxide level. The bgst’models for Cases 1 and 3
were compared to test the né;d of peroxide level. 1t was
fouid that the peroxide level was important. Hence, the
filtercake yield within the.factorial design region was

dependent upon the original uranium content in the solution,

the initial peroxide concentration and the pH. Plots of

e
et mm i ————



- 46 =
Table 4.3
Plausible Models for the Filtercake Yield ‘
for Experimental Plan II '
Case/Initial Significant Parameter _ 8SR ~2
" Model Conf. Parameters Values S
Int. '
(%) .
1/1 90 Bo 23.717:.317 14.739  .614
81 3.903:.404 .
1/2 95 B 23.731+.276 10.66 .463
81 3.915+.352
B4 - LT777+.529
3/1 90 . 8o 23.711+.257 8.774  .399
8, 3.911+.335
B.* ' .347+.335
B3 : .873:.504
3/2 95 (< 23.717.317 14.739 .614
.B1 3.903*.404 .
Q-test Results R-test Results
Model A Model B Q . F case/Model R F
1/1 1/2- g8+ 81 4.28 1/2 1.71 3.02
/2 /1 .47 3.40 3/1 1.39 3.04
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.
L4

filtercake yield as a ;unction of initial uranium confent
and pH are presented in Figures 4.5 and 4.6.

+* An interesting cobservation of thlS analy51s was

that different 1n1t1ai4?onf;/;;2e intervals within each case
uld yield different final results for sxgnlflcépt parameters.

For Case 1, the initial 90% confidence interval did not
yield pH as a 31gn1f1cant parameter whereas the 95% confldence
interval dld For Case 3, the opposite result occurred.
The initial 95% confidence interval did not yield pH or
peroxide level as significant parameters and the initial 90%
confidence interval did.ﬁ Therefore, it was concluded that
it could‘be necessary to test the Rlausibility'of certain
independent variables being significant at more than one
level of confidence when doing‘the analysis. Important
effects may be considered statistically insignificant
especially in the presence of correlated parameter values in
which the value assigned to one parameter affects the value
of another. Iﬁ other words, the location of the initial
estimates on the sum of squares surface could affect the
final results. |

Another interesting observation was that the mode
of representation of the independent' variables could affect
their %ignificance.“ ih this case, the presence or absence

of peroxide as an effect depended upon how it was represented.

] [y
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The initial peroxide concentration was not considered important -

'when_;epreseﬁted as a fraction of the amount of the initial

' .. 'uranium content. However, when represented directly as the

.. .The re-evaluated paramater values were not significantly

:"initial peroxide concentration, it was a significant variable.
L ) - . .- '
4.3 Uranium Precipitated

The amount of uranium precipitated for any given
ffun was'determihed by ﬁultiplying'the‘filtercake yield by
ithe uranium content of the cake for that run. All of the
jmodels for the full experimental. plan (Plan I) given in
:Table 4.4 demonstrated lack of fit. This was agaln due to
{the run at which the peroxlde level was below the stoichiometric
level. The model for Case 1 (Model 1/1) has been plotted
" and presented in Figure 4.7. Thé plot 1nd1cated that overall,
"the ahount of uranium precipitated was proportional-to_the
originai-uranium in solution except for the case in thch
insufficient peroxide was added‘to'the solution. However,
the residual value,of this outlier was shfficientiy large to.
cause the modelite fail a quantitative lack of fit test
because of the large pfoportion it contributéd to the sum
of squares of'the fesiduais. Experimental run number 19 was

" dropped and the parémeters for Case 1 were re-evaluated.

»

-

different than QEEE9{Eresented for Case 1 which in turn were
not significantly different than those for Plan II given in

Table 4.5.
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Table 4.4 o
"

Plausible Models for the Uranium Precipitated
for- Experimental Plan I

Case/ Initial Significant Parameter SSR 2

Model cConf. Parameters Values ) ¢
Into . )
(%) _
1/1 all T By 14.033+..420 52.216 1.536-
B, 2.408: .515
2/1 80 Bo 14.513+ ,432 35,601 1.079
By 2,407+ .432 - -
Baso - .721+ .392
2/2 90,95 Be 14.033 179.820 5.138
3/1 80 Be 14.441+ .354 22.198 ..716
8y 2.179+ .400
B,* °©  1.534+ .716
Bpo* 1.106+ .868
Bya* -~ 2.805:1.181
3/2° 90,95 B, 14.445+ .384  27.037  .845
B1 2.095+ .428 -
Bo* 1.683+ .767
Baa* 1.953+).057
4/1 _ 8o 8, 14.374+ .441 35.890 1.216
B, 2.559% .448
Bya* 1.408+1.071
Bag* - 2.728:1.476
4/2 90,95 Bo 14.371*+ .480 43.951 1.332
. B1 2.496+ ,485

Baa¥ - 1l.604+1,311 .

A\

. Lo ‘
o
U PRSP



Q-test Resulté

Model A Model
2/2 2/1 .
3/2 3/1
4/2 4/1
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T
_Tdbie 4.4 (continued)

= R-test Results
0 N \'1-?‘", Case/Model | R F
66.84° 3.29 1/1 . 13.66 2.89
6.76 ;4.16 2/1 . 9.58 2.90

6.63 4.14 3/1 7.84 2.92
‘ 4/1  10.08 2.91

B
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L e

- - Table 4.5

Plausible Models for the Uranium
Precipitated for Experimental PlansII

. ’
Case/Initial Significant Parameter SSR ~2

Model Conf. - Parameters Values . °
B Int. .
(%) - o - i q
1/1  all Bo.  14.245: .170 4.703  .196,
. By 2.327:+ .216
3/1 all © By 14.319: .192.  3.257  .14%
B, 2.327+ ,218
A Byy* - .533+ .437
) Boy* .760+ ,705
Q-test Results v . R-test Results
Model A Model B Q F Case/Motel R F .
1/1 3/1°  9.77 4.20 1/1 - 1.50 3.01

3/1 0.99 3.06
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Figure 4.7: Resultant Model for the Amount of Uranium

Precipitated for Plan I - Model 1/1
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e
The best models frop the other central composite
design cases have been plotted and presented in Figures 4.8
througﬁ 4.10. The plots confirmed the poor representation
of the data by the models, espeéially~because of the. influence
of run number 19. ‘ , . |
| The modelg for Plén II evaluated for‘é;ses 1l and 3
have been given in Table 4.5, A plot of Case 1 has been .
presented in Figure 4.11. The plot indicateé that the data
was well represented by this model, however, Case 3 included
possible interactive effects of peroxide and total sulphate
upon the amount of uranium preciﬁitated. “The significance
of B:.* could be explained by the presencerf an equilibrium
of the type .
U022" + 280427 2 UO2(S04) 22" (4.4)
A large enough excess of sulphate would drive the equilibrium

to the right causing the uranium to stay'iﬁ solution. The

Al

possible cause of.the interaction term between peroxiae and
sulphape being significant was the decompositionlof the
peroxide by H,S0, meaning that as the sulphate Ievgi was
increased, more péigfide was decomposed. Hence, more peroxide
would need to be added to compléte the reaction with the )
uranium. This was most evident at experimental point 10.

" The amount of precipitate at this point was significantly

lower than at the other points with similar original uranium

I
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Figure 4.8: Resultant Model for the Amount of Uranium
Precipitated for Plan I - Model 2/1
(Refer go Figure 4.1 for the Legend)
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Figure 4.10: Resultant Model for the Amount of Uranium
Precipitated for P1&h I - Model 4/1

(Refer 'to Figure 4.1 for the Legend)
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content. The amount of precipitate was also slightly lower

for point 14 (although not significantly). At this ‘point,

the peroxide and sulphate conditions were similar to point
r: )

10, however, the point was run at a higher pH indicating
that an increase in pH could offset the effect. Over the

entire experimental range, pH was deemed an insignificant

»

factor.

4.4 ‘Barréns Concentration

The plausible mode}s for the -barrens concentration
- for both the Plan I and Plan II given in Tableé 4.6 and 4.7
i ﬂéiled the lack of fit test. The reasbﬁ féf this was that
' the barrens qoncentration data was ﬁpread over several
ordefs of magnitude (e.g. for point 10, the concéntration
was 1.57 g/1 while for point 31, the concentration was less
than 0.0001 g/1). This large variation meant thalt the
larger valué:/for the barrens concentration determined the .
paramétef estimates and the smaller values had.%egligible
effect. The overall result was that the models only described}
the large.values of barrens concentration and did not estimate
the émall values. . Investigation of thé‘residuals indicate@
that the residuals for a given experimental'run were larger
than the values at the:experimental points.

) The resuitant model for Case 1 for Plan II for an

initial 95% confidence interval contained all of the main

effects in one form or another. Although the model failed a~—___
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Table 4.6

Plausible Models for the Barrens Concentration
for Exper1mental Plan I

. * ’
Case/Initial Significant Parameter SSR ;2
Model Conf.. - Parameters Values
Int. -’ ’ :
(8)
171 all ' B2 - .586: .301 17.910 .527
Baa - .,764+ ,213 .
2/1 all B, .764+ 270 29.582  .B845
3/1 80,90 Bo* - 1.004+ .549 17.640 .535
’ Biaz* - 1,230+ .738
Bao* 2.505+ .875
3/2 " 95 By* - 1.906+ .625 23.802 .700 -
Baz* 1.560+ .780
4/1 80 _ Byg* - 1.365+ .861 25.036 ..736
: Bpa* - 2.405+1.038
a/2 90,95 Bya* 1.337+ .888 32.694 .934
Q-test Results B R-test Results 7 }
‘Model. A  Model B Q F Case/Model R - 'F
.3/2 3/1  11.53 4.14 1/1 ©311.12 2.90
4/2  4/1  10.40 "4.13 2/1 494.34 2.91
3/1 -~ 319.19 2.90
4/1 435.05 2.91




a

7 “::D /1. 90 Ba.

*f?wf” . * - P - ry
-f < . & ’
o he— - ; +
C '. L4 ". _. 62 =
1 _ -
. . ' - - Table 4.7 . )
‘A'/ ' Plausible Models.for theé Barrens Concentration
o . : For Experimental Plan II
Il . . - e ) -
'~ case/Initial Significant Parameter SSR o2
. " Model Conf. Parameters Values -
: . Int. ’ b .

(%)

B3
' - Bay
Bay
i/2 95 Bo
T ' B»
: . ' Bi:z
. . B2
- ' 835
"+ R-test Results
| Case/Model R '.' F
< 1/1 . 43.32 3.06
1/2 43.09 3.07
== My, ""i'-: . -’_,\' .
?\ - L
-
" :
; ) ' .
N ¢ N .
A T '

+175%¢ 132
.306: .301
«153+ ,132
.292+ .215

..109+ .100

.131+ .126

179+ .132 .

.135: .129

.363+ 223

®1.316 .060

1.210 .058
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lack of‘gﬁt test, the effects of the variables were consistent
with what would be éxpecteé to happen. For example, ft .

wou;d be expected that an iﬁcrease in peréxide would decreasé - ./.
the barrens (as was discussed with the amoﬁnt or uranium : .:
precipitated)."The interaction between peroxide and sﬁlphate

was oppositezto tﬁatldf the amounﬁlof‘uraniuﬁ precipitated

which would be expected (i.e. by a mass balance; Barrens

{g/1) = Initial Uranium- (g/1) Uranium Precipitateq {g9/1)).
Residenhe'time'having to be increased with decreasinglpH
Eincreasing [H+]) tb decrease the barrens, asfindicated by

the B3¢ term could be expected. At lowef pH's, the reaction
woula be retaréed as shown by the rate equatioh given in

equation 2.2.6 (i.e. k b

obs would decrease with higher H+

concentration). This was further illustipted when the log
of barrens concentration against the pH was plotted for the

centrepoints and the two runs for which only the pH was

- varied. As pH was increased, the barrens concentration

+ ' : .
decreased for a similar residence time. The effect of pH

L . 1]

upon the barrens.concentration has been presented in Figure

402, o V

4.5 Conversion et .

N

Conversion was-calculated as follows:

’ Conversion (%) = Uranium Precipitated (g) X 100 (4.5)
" Initial Uranium Added to th
- : Solution (g) :
. : e

.. | L S -
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log(Barrens Concentration),(g/1)

ST | 7_
pH

-

. L.
FigurJ}lZ: The Effect of pH upon the Barrens (oncentration
. “~ at the Centrepoint ‘ L
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All of the models in Tables 4.8 and 4.9 failed the i;;i_of -
fit test. This was due both to run number 19 and run number ~
10. for Plan T and fun number 10 for Plan II. The value; 6f
conversion at these points were greaEly differeqt than the

others: in ‘both cases; Examination of the values,plotted in

Figures 4.13 through 4.16 for the cerntral composite design

models did not indicate any obvious effects of the oriéinal
uranium content upétn conversion. The wide variation at the

centregoinf could possibly be due to a pH dependence. The

-

conversion was plotted against pH with the resultant relationship

presented in Figure 4.17. Analys;s of'the-qignificance of

) ¢ ' —
the effect of pH at the centrepoint indicated that the

effect was significant at a 90% confidence.level, but.not at
a 95% confidence level.
- The effect of H20:2 for the central compoéitq

design was brimarily due to run number 19 since, at.this
. ' ™ )
point, there was insufficient peroxide to fully precapitate

the 'uranium initially, hence, the conversion was low.

t

' Moreover, tgsﬁigyversion at this pojint was pro-rated {(i.e.

divided by .75 to determine the cbnversion in.term§ of the
initial H20; content). ané was found to be 71.61% which was
also lower than the éther values. The results observed for
run numbers 10 and 19 .did indicate that as sulphate level
was increasgd; more H,0, would need to be added to increase

the conversion because of the decomposition of H20:.
: . oRE R
, ;
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Table 4.8

for Experimental Plan I

" Case/Initial Significant Parameter

Plausible Models for Conversion -°

SSR .
Model Conf. Pagameters Values o
Int.
()
1/1 all 8o 99.267+2.086 831.306 25.191
B, 4.33722.086 '
. B2z 4.70.8."‘.1.806
' 2/1 a1l C Bo 99.267+2.550 -1282.666 37,255
; .« - By 4.708+2.208
3/1 80 8o 98.853+2.148 847.576 26.487
By* 8.134+3.900 .
CBiz* 7.52645.200
~ Baz* -18.818:7.097
3/2 90,95 By '98.902+2.383 1077.981 .32.666
Bo* 8.703:4.304
R Bya* -13.12046.550
a/1 8o 7 Bo 98.328+2.625 1326.090 40.185
Byo* 8.620+6.366 :
Baa* -17.198+8.680
4/2 90,95 Bo 98.343:2.866 1631.479 47.985
' Bzz* —10.4733'.7.771
Q-test Results R-test Results ,
.Model A Model B F Case/Model R F
3/2 31 8.70 4.15 /1 23.40 2.90
4/2 4/1 7.60  4.14} 2/1 34.84  2.89
K 3/1 24.90 .2.21
4/1 37.55 -2.%0
-

N

|
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\\\‘: Table 4.9

Plausible Models for cOnvérsiqn
for Experimental Plan II '

Case/Initial Significant Parameter SSR
Model Conf. Parameters Values
Int. : %
($) -
1/1  all B .97.401 . 108.440 4.338
3/1 all Bo 97.857+ .824 75.586 3.286
Byo* 2.621+1.879
$Bo % 3.540+3.028

R-test Results

Case/Model R F
171 4.09 3.00
& 371 3.06 3.02
L Ll
. -]

[

'
r
A .
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' _ _ , : : ..
The‘possible effectS’of.the origghal uraniuﬁ,

hydrogen peroxide and sulphete levels upon the'conuersion
ﬁere tested for the factorial design region,excludino run
number 10. None: of the'terps were deemed to be significant
indiceting that the conversion et'sufficient peroxide levels
to account -for: the deconposition due to sulphate was not
affected by these variables.. The only pqssible effect was
that of pﬁ’which was discussed earlier.. The fact that the

amount of uranium precipitated, (which was affected by the

1n1t1al uranium content of the solution) was lelded by the

‘

"initial uranium content tolcalculate the converSion cancelled

i
-

out any p0551b1e gffect of this variable upon, conver51on.

4.6 Uranium Content . : e

L}

The models for the uranium content of the cake ‘
have been presented in Tables 4.10 and 4.11. All of the

models which yielded PH as 51gnif1cantly affecting the

" uranium content of the cake passed the quantitative lack of

fit test The models for both Experimental Plan I and Plan -
II have been-plotted and presented in Figure 4. 18. Although
the effect of pH was’ evident from this plot, the number of
outliers indicated that other effects may have been present:‘
One such effect could be the'retained moisture in the’ceke
after the air drying period. Since the cake was not prcberly .

dried, some ‘residual moisture would be expected. Proper

L]

drying and calczning procedures would increase the uranium

el

L]
-
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Table 4.10

* ‘ ...‘ :—74'—

Plausibie Models for the Uranium Content of

the Filtercake for. Experimental Plan I

Case/Initial Significant Parameter .SSR o
- Model Conf. Parameters Values -
Int- L]
(%)
A )
, 1/1  all Bo 59.954+ .468 64.972 1.911
' By - 2.186* .833
2/1  all 8o 59.950 114.603 3.274
3/1 . a1l By '59.954+ .468 64.972 1.911
) 84 - 2,186+ .833
4/1 80, - 8o 60.322% .611 71.295 2.160
. - Ba* 2.346&1.219 ‘. .
B1z - .543: ,529
4/2 94,95 B ' 59.950 114.603 3.274 )
Q-test Results R-test Results
Model A Model B ° Q ‘F . Case/Model R F
a/2 4/1 . 10.02  3.29 l1/1 2.38  3.01
¢ - 2/1 4.37 3.00
) 3/1 2.38  3.01
4/1. 2.86 3.02
- .
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| " - Table 4,11 | ;
! Plausfble Models for the Uranium Content of |
the Filtercake for Experimental Plan II .
Case/Initial Significaht Parameter - SSR 32 )
Model Conf. Parameters Values . :
.Int. o _ ‘ ) v
() 5
/1  all ~ Bo .  60.096+ .439 27.705 1.154 '
: B -'1.703: .833 o
/1 %0 . B, ° 60.096: .439  27.705 17154 -
- Bs . - 4.703+ .833 . L
3/2 95 . Bo.” ' °60.096 48.130 4.203
' - o~ . . R ] .
b 7 .o o . ' : E a
Q-test Results - ‘ . R-tegt ‘Results S
P—lode‘l_f/Nod_el B._Q .. 'F,. pase/@el R _F_ -
3/2 - 3/1 17.70 4.26 - 1/1 . 0.672 3.01
N - o
/1 0.672  3.01
- ‘ ' r‘. . 4
¥ " - )
- & P
SR
e - . : .
i e ' ‘
* ®



Uranium Content of- the Cake, % |

Figure.4.18:

66

=2}
rég

54

wn
1) ]

.- . » ‘l. -
\_ : -.4}- .
- . R T
S
R -
. =16
!
T " .Plan I
Plan II
e ®

. p ‘ ~
] ‘
3 5 7 9 1

- . ' v

The Effect’ of PH upon tha-Uranlum qutent

of the Cake
( - Factorial Design .and Centre901nts

o- Added Central Composite Design Points)

4



- 77 - ‘

. 4 :ﬁ
content of the cake. It was recognlzed that 1f the flnal
precipitated product was UO:-2H,0 as given by equatlon -
2;1.11,'then_the maximum uranium content of the cake would

be. 70.41%. Therefore, in terms_cf the chemical formula, thé

purlty was qulte high, being in the f&nge of 78.7% to 92.9%.

Proper drylng would also remove the hydrated water which

would acgount for approxlmately 11% of the total filtercake

welght. This indicated that proper drying could increase

the purity in terms of the uranlum content to a range of
88.43% to 100%. The reason for not drying the cakes proﬁerly,
was to avoid affecting the particle size distribution.‘

| The effect of pH updn the uranium content could be
aétribnted to the presence of other 1mpur1t1es such as
vanadium and molybdenum. The retalned moisture in the cake
was assumed to be random. Other researchers have indicated
th;r a higher lewill increase the.concentration of impurities
in the final product. It should be noted that the assumptlon
of retained m01sture beﬁng a random varlable would increase
the experlmental error whlch could have masked the lmportance
of other vériables upon the uranium content. Since Fhe cage
was conSLdered pure enough’ to meet  refiners’ stendards,
however, the, need to determlne these effects by drying the

cakes properly was con51dered unnecessary

4.7 Sulphur Content -

The primTy reason for measuring the effect of
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sulphur content 6f.the cake uasrto determine‘whether the
formation of a uranium sulphate compleﬁ would éccur at lower
-levels of peroxide concentratlon. A uranium éulphate'couplex
_has been observed for the NaOH and NH; prec1p1tatlon methods
{30). {f this effect had occurred, the values of the sulphur
content would have been abnormq}ly_hlgh forfsome of the .
runs. Most probably run numhgés 10 and 19 would have heen
affecteé‘conuidering the effect these runs had.upon the
other response variables.. The sulphur content for the runs
at these points were not ébuormallz\high)- None of the":
observed values were Sboueythe refinérs' standards (31).
The models for fhe sulphur content of the cake
have'b;én presenhed in Tableg 4.12 and 4.13. 1In all cases,
any extra terms were deemed to be significant. For the
céntral compositetdesign (?lah I); the 11 pafameter model
_fOr Cuse 3 and the 5 parameter model for Case 1 passed the
lack of fit.test. For Experimental Plap II, ﬁhe'modelu for
both'cgées 1 gnd 3’pa§sed thé iack of.fit test.

.Bl1 of the models which were deemed adequate

1

indicated that decreasing the H,0: concentration would
increase the sulphur content of the cake, however, the

uincréase_was not of a large magnitude and would not be

expected to cause su%phate levels to exceed refiners' staudards.

Fi

N o
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Table 4.12 -

Plausible Models for the Sulphur Content of the
Cake for Experimental Plan-I

Case/Initial Significant Parameter SSR oot
Madel Conf. Parameters Values . - .
Int. - 3 ' :
(%) £
] e '
IAl all’ . Beo .240+ .055 . 365 .012
N ) . g5 - .065+ .046
Bay "~ .105+ .056
RS . Ria - .134: .105
. © U Bss .059+ .039 ‘
2/1 all _ g0 . .240+ .046 .625 - .018
: " Ba.. . - 097+ .069 : .
3/1 80 8o : .231: .053 .204  .008
' Ba* -~ .1l44: .076 .
Bu* .094+ .069 ‘ i
s - .039: .036 :
{f“x B1a* .145+ 093
. Bou* -  .420% .le68
' R Byy* - .110+¢ .l08
) Bus* - .090: .078
BZ'Z ’ .120.'t -112
833 . - -235: -111
Bss .058+ .033
3/2 90 Bo .250+ .059 .388° .013
- By * - .107: .091
~ “ Bru ¥ .157+ .114
Bay* - .345: .199
By, . - .225¢ .135
Bss .058: .041
3/3 95 8, . . . .212¢ .028 .578  .018
o Bau* - .201% .189. - !
4 - Bos .060+ .047 o
" 4/1 ‘80- Bo. .200+ ,058 .659  .019
Co - Bss .060: .050
4/2 90,95 , R .212+ .028 .578 .018
; | Bao* - .201: .189 '

Bss ©.060: .047
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Table 4.12 {(contizmed)

i

Q-test Results _ _ ’_.—tesf'ﬁesults ,

Model A* Model B . Q‘ F ' -Case/Model R ° F
3/3 - 3/2 4.91 2.53 11 1.96 2.92
3/2 3/1 4,51 - 2.60. 2/1° . 3.21  2.89
a1 4/2 ' 4.67. 4.15 ~3/1 1.26 3.00 .

* . | - 4/2 S 3,07 2.90

v

-
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Table 4.13

Plausible Models for the Sulphur Content of the
Cake for Experimental Plan II ' .

Case/Initial Significant Parameter SSR , P2
Model Conf. Parameters Values o
Int. :
(%)
171 90 B .236+ .029 .005
B - .049+ .035
Ba .053+ .035
Bau .097+ .035
Bus - .145:+ .035
1/2 95 Bo .236+ .029° .195 009
3, - .049:,.035 '
8, - .053+ .035
Bay i 087 f035
3/1  all 8o .29?;jf%46 .230 .01l
' Bo* - .118+-.104
Bu* .095+ .093
81: 149+ ,127
Bzuf - .294+ .l93
Q-test Results R-test Results
Model A Model B Q F case/Model . R F .
1/2 1/1  .19.4 4.32 1/1 . 0.42  3.07
3/1 1.99 3.07
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. The data presented in Tables 4.12 and 4.13 clear;y
-indicated the importance of cqhsidgring more than the 95%
confidence intefval when carrying out the analysis. The
mode of representation of the independent variables was also
~important. This was’”evident for the number of different )
‘models which resulted for the central composite design which
varied from a two parameter model for Case 2 to an ele:ren

parameter model for Case 3. . ¥

- 4.8 Size and Size Distribution

The mean size and size distribution were calculated

from the size anélyées given in Appendix 1. Plots of the

-

log of the size vs. the cumuiative percentéée yielded nearly

straight lines over most of the probability range. THls

L 4

indicated ‘that the size could Be adequately represented as a

L]

log-normal distribution.

1
. _ 2 =
f(log L) = —L  exp 209 (L/L) (4.6)
Y271 log o' 2log? o'
L = Lo, os . | (4.7)
¢' =

L,sus1/Lo,s - ‘ 1(4;3)
- For the log-normal distribution, the population-
wéZéhted mean size'was.calculated by (32}
'L = Lo.so exp(klogic’) 4.9
“he measure of éize distribution was the coefficient
of variation which was a measure of the dispersity and was

calculated by

c.v. = [exp(log2a*)-1]" (4.10)

//
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\;;:j ' The models for size and 'size distribution have’

been presented in Tables 4.14 to 4.16. For the central
coupogitéqﬂésign,.no effects were deemed important for the

size distribution. Observation iinder the microscope indicaﬁéd
that(é lérge amount of agglomeration had occurred. The .
image analysis technique could notidis;inguish between
individual particles wiﬁhin the‘agglomerate and therefore .
measured the agglomeréted.particle as é.single entitsy. The
implicatién was‘that'the‘measured particle sizes were much
larger than the true particle size. Time was not 5 significant.
variable for determininé the particle size as would be.
expeqtgd from crystal growth or agglomeration theory.

Instead, the ag eratién was most likely due to the washing
and drying o#f“iltercake before the sample was mounted

on a slide.' The, samples of some of the runs were mouhted
directly upon the slides from the solut%on. The particles
observed»under the microscope for these cases were of a {/\\
uniform size and below 1 micrometer in diameter. 'When these
samples were washed and dried as before, the égglomeration\

: pdcurred._ The unwéshed particles were too small to be
analyzed by the image analysis,technique. The effect of
sulphaté and peroxide” levels,upon £he size.And size distribution
was more of an effect upon the caklng propertles than the

" true particle size. The results of the partlcle size analysis

Ay []
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Plausible Models for the Mean Pa

rticle Size oy

{Q-test Results

for Experimental Plan I_
! : .
Case/Initial Significant Parameter SSR’ N
‘Model” Conf. Parameters Values o

Int. . «

(%)
1/1 95 - B, 11.100 778.288 25.943
1/2 80,90 Bo 11.090+1.769 673.077 23.210

By 2.094+2,011 .

3/1 all | Bo 11.100

778.288 25.943

~R-test Results

Model A  Model B Q F Case/Model R F
1/1 172 4.53 4.18° 1/2 3.64  5.79
N
,. f
L 7/
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Table 4.15 >
£

Pfausible Models for Mean Particle Size
for Experimental Plan II

-

Case/Initial Significant ameter . . SSR ;2 L
"Model Conf. Parameters Values . s .
Int. : T
(%)
1/1 all o Bo 10,177+ .752 -284.319. 15.796
, B ~3.266+ .987 L
. . B - 2.203+ .987. -
N4 3/1 all ‘ Ba 10.177+1.999 363.861 19.150 }
By* -~ 5.316+3.748
- . Q [/
R-test Results .. ' j-' _ _ ‘ \ |
Case/Model R _F_ | o . \J/“f
. = .
1/1 2.58 . 5787 :
. _ . - - $
L 3/1 3.17 ~ 5.86 s
- ;o :
» N
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Table 4.16

_plausible Models for the Size Distribution?
for Experimental Rlan It

¢ ——

"Case)Initial Significant Parameter SSR az
Mogde) Conf. Parameters Valuegs - :
Int. LT
(%)
1/1 ail B " .487+ .083  .629  .033
) By - - 102+ .095 :
.3/1 90 Bo .427+ 071 .408 -.019
N ' By * - .140:+ .1ll6 '
' 812* ’ N -186'—"— .142
. Bis .204+ .122
3/2 .95 . Bo .487 ©.791 - .040
Q-test Results R-test Results °
Model A Model B Q F Case/Model R
3/2 3/1 . 6.72 3.20 1/1 6.72
| _ T T 3/1 4.92
I v
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indicated that another method would have to be employed.
Possible methodé'ﬁould include a light scattering techniqué
or electron micrograph;. - |

j'l One variable that was not measured was the Filtration
rates of the slurries. For,thé most ;a;t, the slurriel ’
filtered quite easily; staking no more than two to three
minutes. However, for run numbers 10 and 19, the filtration
-times‘were appkoximétel& 40 minutes. The'filtfétiqp fate
would be related to.the particle size. This observatien
indicéted‘that the true particle sizes f6£ run numbers 10
and 19 were very different than thase for the opberlruns.
Examining the particle siée and size analyseshfor the runs
showed that the particle size and size distribution for run
number 10 wére‘significantly different than those for the
other runs. This was éossibly due to the actual pazticle
size;being much smaller than for the other cases and the
particles agglomerated more readily since a smaller force
wotld be needed to hold them together. The agglamerated
'barticle size for run number 19 was also larger than those

-

for the other runs.

4.9 Effectiveness of the Factorial Design

p b Primarily due to the deviation of run number 19

from the general behaviour of the system as a whole, the
central composite design was unsuccessful in deSCribiﬁahEhe ‘
. \ A \\
. i v

N\
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systeml.‘As'illustrated in Figures 4.4 and 4.7, exclusren of
this point did indicate that the design method was capable

fof detéfmining the eignificant parameters for the filtercake ~

yield and the amount of uranium precipitated over the entire

. eﬁperimental'raege. Run'nuﬁber 19 was initially included in'_

| the design for two. reasons: ;-

1) The literature indicated that more than the stoich-
lometrlc ‘amount, of H20: would need to be added to the solution
because of the potential decomp031t10h of H;0,. It was
therefore 1n1t1a11y assumed that the decrease in the response
varlables ‘(e.g. flltercake yleld, amount of uranaum preC1p1tated,
and conver51on) with decréaSLng H202 concentratlon would -
fdllew a curve that could be descrlbed by a simple quadratie
relationship rather than the sharp curve that resulted:

2) Even’in light of the sharp decrease in the conversion,
uranium pteqipitated, and fi;tercake yield at the lower
leéel OEﬁHzéz, other variables were being measured. :The
effectiqf,a.iow.peroxide level upon variables such as eiie,
size distribution, and sulphur content of the cake was
consrder d worth stu@(ang.

XThe two level fractlonal factorlal design with
centrepoints used in the study was effective in descrlblng

the behaviour of the filtercake yield and the amoint of

uranium p“'ipitated. It indicated that the filtercake




yield was a function of both pE and the initial uranium
concentration af the solution. The” amount of uranium
ﬁreciéitate was a funotion of gﬁé initial uranium and
hydrogenfperoxide concentrationaland the sulphate level.
' The effects of peroxide and sulphate levels were only.significant,
howeter, Qhen they were represented in terms of their actual
amounts rather‘thanrbased upon the'uraninm_in solntion.(i.e.
indterms of xz* and-x.* rathe? than x. and x,). ‘ s indicated
.that the original representation of the independent variables
was inadequate for screening out effects since two significant
" effects were deemed insignificant by the screening procedure.
This'das due the fact thatethe hydrogen peroxlde level
and excessdﬁulphate were bgth dependent upon the amount of
uranlum 1n1t1ally in solution. One was a fract10na1 amount
of the uranium in solution and the other was an excess added
to the solution after a fixed amount had to be added to form
U0z (SOu) 3"

Barrens concentratlon of uranium . and conversxon‘ |
were not adequately described by the linear models due to
the behaviour of theee properties. Ingthe case of conversion,
most of the points were of the same range but the value for
run number 10\was significantly lower due to the different

behaviour at this point (i.e. the decomposition of H20:

by stbu was sufficiently large to s%gnificantly reduce the. .-
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conversion). In the case of tpe barrens concentration of
- N . . ' ’

uranicm, the inadequac& pointe& out t@e.limitations of
attemptipgutO'fit a linear equation to -data which spans many .
orders cf'hagnitude. However, the analfsis did yield results
that were consistent with the literature. The operating
variables affécted the barrzns-conceatration in ways that

could be expected.

The amount of uranium precipitated has most of the

same effects as the barrens concentratlon w1th ;he added
~.

feature ‘that an -adequate model could be formed. The effects‘
of the operating variables which were common to both were :i%‘
also in the oppoeite directiaon as would be expected by a
mass balance. The oOne obvioZEP;ariable,which'siéﬁificaﬁt%y
affected the.barrens,-but did nct affect the amount of
uranium precipitated was E?e pH.- The effect of pH at the'
centrepoint was evaluated for tﬁe'amount of precipitate and

. was found to be lnSLgnlflcant although it was in.the dlrectlon

expected (1.e. as pH was 1ncreased, the barrens decreased
and the amount of uranium preclpltated increased) ‘A p0551ble 2
explanation of the 1n51gn1f1cance of the pH term for the
amount of prec1p1tate was that the experlmental error,
caused by small unav01dable losses of preclpltate retained
by the Buchner funnel, was large enough to render the effect

of pH insignificant.

-
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The‘experimental design methods wbuld be useful in
a uranium ﬁill as léng as the right response variables are
meésﬁéed;- Rather than measuring the barrens ncentration,
ihe overall reaction could be estimated by é linea equéfion‘
7using the amount of uranium that is precipitated. Tﬁe )
barrens congentraiion could then be estimated by doing a
maés balancé. Some of ‘the operating variabléé that were
-changed in ihis stuéy may not be.adjustable in a uranium
@ill: These would include the uranium and sulphafe bdqtent
of the pregnant liquor‘since’these vafiables would be dependent
upon conditions in the stripping or elutriation circuit.
ﬁowevér, the variables sfbh as pH, precipitation reagent,
and residence time could be adjusted to measufe théir effect
updn the ;pecific liguor for any given mill. The results
indicated that adjustment of the parameters did not greatly

affect the product purity. so that an acceptable product

. would ég formed despite any changes in the opérating conditions.



- 92 - \: | : o

5. CONCLUSIONS AND RECOMMENDATIONS

F

From £he results, the following conclusions have
been drawn: - )

1) The behaviour of_ruﬁ numbers 10 and 19 was different
than éhé behaviour for the rest of the design gegion. For
run number 10, the decomposition of H,0: by H2SO. caused the
results to be different from the rest of the design. For
run number 19, the fact fhat_the.peroxide level was initially
below the'stoichiometric amount and the decompgsition of H:0:2
thét occurred,éffeéfed the response giving a loﬁer value.
than would be expected. |

2) Compari;on'of the results obtained for run numbers

.10 and 14 indicated ﬁhat the decomposition of H,0. would be
6ffset by.ihcreasing the pH. | | |

3) The precipitation pH had an effect upoﬁ’the following
variables. .An increase in pH would:

i) increase filﬁé;pake-yield;-
i) decrease the-barrens éoncenération:
iii}l. decrease the uranium content of the cake;
iv) increase conversion;
v) decrease the sulphur content of the cake.
"In other ;ords, an increase of pH was favourable

to the results.
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4)  The filtercake yield and the amount of uranium
precipitated were proportional to the initial uranium content.

'5) Aﬁjustmeﬁt of the operating variables did not
affect the purity of the cake to the ;egree of rendering the
'caké un;écepfabie to the refiner based upon the measured
uranium and sulphul contents.

6) Some important effects may go unnoticed -due to the
naturé.in which they are represented (e.g. the effect of
toial sulphate as opposed to that of excess sﬁiphate).

-7) '"If correlated paraﬁeters are encoﬁntered;:more
than the 95% confidence interval should .be examined when
determining the significanee of specific parameters since
the value of one parameter affécts the value of another.

8) Experimental design methods could be useful to the
uranium mill opef§tqr if a changeover to peroxide precipitation
is considered.i By analyzing the amount of uraﬂium precipitated
rather than the bafrens contentﬂ{the process may be modelled |
:By a simple linear equation. “ . |

The absence of time as an important variable
indicaEgd that the reaction was rapid,A-Studies have indicated
that at higher sulphate levels,“fhe reaction is slowed down
to a level at which kinetic experiments could bé carried’out

(18). 1If the‘crystallization kinetics‘were to be determined,

it would have to be’'done at these higher sulphate levels.
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At the higher sulphaté levels, the particle sizes may also
be large enough to use the image:analysis technique.
Continuous precipitation should be considered as
an alternative to a batch process in the experimen%g} p;ocedure.

If a continuous process was run, the problem of pH control

would be eliminated since the flow of the buffer could be .

adjusted until the proper pH‘was achieved. The system could

then be allowed to reach steady-state and the responses
measured at tﬁis time.

It may be interesting to perform an experimental
design at hydrogen peroxide levels which 5re all-below the
requiredlstoiChiometric amount to determine system behaviour
at these conditions in order to get an idéa_of the systém
response over the entire range. The resSponses of the ammonia
precipitation method could also be evaluated by the experimental
design methods. |

Other factors should be considered in the experimental

design. These_faétors include such things as the effects of .

mixing, the rate of addition of the preciﬁitating agent,

temperature and the levels of impurities such as molybdenum,

vanadium and organic chemicals. -y
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Experimental Results
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- . ‘Table Al.l

. Experimental Results 1
] \

Run ‘%iltercake © Urafium Barrens Conver-"-
Number Yield | Precipated Concentration sion
19) {9) (g u/1) . (%)
1 18.86 11.799 : .061 96.952
-2 26.81 16.445 ~ .160 . 96.526
3 193.71 "12.039. .045 - 97.976
4 27.67 16.879 .0022 - 98.217
5 19.93 11.787 <. 0001 . 97.144
6 28.57 16.931 - -.0002 98.371
7 20.17 ' 11,697 . .0002 96.784
8 28.25 16.636 : .0001 97.531
9 *+19.87 11.688 .0065 96.728
10 25.08 15.121 1.57 . 88.714
11 19.44 11.831 .029 .- 97.208
12 27.11 16.689 - .010 ' "97.651
13 19.81 11.605° .0003 96.416
14 28.11 1l6.031 - .0005 - 95.800
15 19.81 11.951 .0074 97.776
16 28.45 16.882 .0005 -98.234
17 16.06 + B.BS9 .Q26 94.360
18 31.83 19.178 - w823 , 97.885
19 12.62 ©7.352 6.24 . 23.710
20 24.63 14.576 . .060 . 98.387
21 20.70 13.546 T .640 93.020
22 24.63 "+ 14.603 - .0032 - 98.667 .
23 24.06 14.501 . 0049 , 98.320
24 24.43 . 14.331 . .0004 97.767
25 24.78 14.231 - .0033 - 97.427
26 21.98 . | 13.597 0008 98.653
27 22.88 " 14.035 .013 96.727
28 24.41 14,348 .0004 97.827
29 23.87 14.42 .002 98.060 ..
30 23.42 13.895 - -0019 99.647 °
31 24.19 © 14,490 <.0001 98.300
32 23.00 14.433 .0001 98.107
33 24.19 14.485 .0023 - 98.273
34 24.81 15.362 .0006 -~ 101.207
35 23.74 14,348 : .0015 -~ -97.820
36 24.42 - 14.53 .0008 98.433
— -
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Table Al.2

Experimental Results 2

: Sulphur Mean Particle Particle
Number " Content of Content of Size Size
Cake Cake ' . Distribution
(%) (%) (p)
1 62.56 .25- . 5.59 .43 -
2 61.34 .14 7.03 .74
3 '61.08 .13 8.82 . .58
4 61.00 .29 5.88 .91
5 - ¥s59,14.. .10 4.86 . .52
6 .59.26 .10 7.36 . .33
. 7 . ¢ 58.00 .35 6.90 .80
8 . 58.89 .20 12.05 .65
9 58.82 .63 14.29 .45
10 60.29 .53 28.59 .02
11 60.86 .15 8.22 .35
12 61.56 .18 8.70 .51
13 58.58 .26 14.31 .62
14 ; 57.03 .37 11.42 .66
15 60.33 .15 13.63 .35
16 59.34 .14 11.61 .37
17 55.41 .07 18.37 .35
18 60.25 .29 . 9.07 .42
19 58.26 - . .44 20.46 .23,
20 59.18 .22 10.82 .34
21 .- 65.44 . .10 8.36 142
22 ' 59.29 .18 ©19.23 .28
23+ 60.27 .17 11.21 .39
24 58.66 .12 10.21 .47
25 57.43 .72 9.11 .45
26 61.86 .21 13.24 .29
27 61.34 .16 10.85 .43
28 58.78 .22 _—— -—-
29 60.41 .40 12.01 .27
30 59.33 .22 -— e
31 ° 59.90 w08 .6.09 &fs
32 62.59 .20 -—- --
33 59.88 .24 6.27 .36
34 61.92 .26 =—- ——-
35 60.44 .15 9.20 .43
36 59.50 .23 -— -—
¥ \ .
LY

R rp—— w—— R L L
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‘,,af(/' ' Table,nl.3 : )
.- -\'.. . ., .——-"-'\-‘-l .
) Fér_ticle Size Distribution for
Run Number 1 :
Size, Dp : " pifferefice ‘ Cumulative
L CTOIN il Y S T - %
1.7 _ 9.02 | 9.02 .
o 2,35 9.68 18.70 -
.30 : . 21.52 N . 40.22
4.70 16.34 “ © 56.56
6.60 18.80 75.36
40 . 12:37 87.73
13¥20 g R ‘ 8.56 96.29
18.60 : - 1.6l | - 97.90
26.30 | : ©2.10 100.00
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- . o
_ Size, D

()

1.67
2.35
3.30
4.70
6.60
9.40

13.20

18.60

26.30

37.10
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Table Al.4 -

Particle Size Distribugion for
Run Number 2

Diffgrence'

3:65
18.00
17253
16.84
.05
.43
.26

.85 -
.06

O WU~ ~J\W

Cumulative

8

3.65
21.65
39.18

" '56.02

65.07
72.50
79.76
85.09
91.94

~100.00



;//’“gize, D

Sy P

1.67
'2.35
3.30
4.70

\\\ 6.60
. 9140

13.20
18,60
26.30
37.10

-

"

-f. , Table Al.5

Particle Size Distribution for

Run Number 3

-

Difference-
%

.

6.78

. 10.41

: 9.47

"17.92

15.01 .

12.50 “~

. &.07 :

o . . 5,28 !
: 2.01

13.53

Cumulative
3

6.78
17.20
26.67
44.59
59.60
72.10
79.18
84.46
86.47

100.00



. Table Al.6
Particle Size Distribution for
. Run Number 4
: . ; . ) ‘
Size, D_ . , | . Difference Cumu}ative
w P I : 3 g 'y
1.67. ' L 1.25 ~1.25
2.35 : 21.66 ° 22.91
3.30_ 25.40 48.31
4.70° | , 18.71 . 67.02
6.60 7 9.66 . 76.68
9.40 . 4.46 . 81.14
13.20 1.55 g ' 82.69
18.60 6.52 . - 89.22 -
26.30 . 2.71 91.93
37.10 ’ g8.07 .100.00
LR '
.
-



Table Al.7

Particle Size Distribution for
Run Number 5

Size, D . ) Difference Cumulative
(1) . 3 . 3
1.67 5.86 ‘ 5.86
2.35 . 20.27 . 26.13
. 3.30 25.59 ) 51.72
4.70 18.01 69.73
6.60° - 11.51 81.24
9.40 5.97 ' 87.21
13.20 3.91 : 91.12
18.60 ’ 5.27 96.39

..26.30 3.61 100.00
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. Table Al.B

Particle Size Distribution for
Run Number 6

Size, D_ ' Difference . Cumulative

() P I - %
l1.67 2.51 ' . 2.51
2.35 . 7.48 - 9,99
3.30 . 12.01 22.00
4.70 . 16.66 38.66
6.60 22.69 ‘ 6l.35.
9.40 o 16,91 78.26

13.20 10.98 835.24

18.60 ° 5.43 , 94.67

26.30 1.77 96.44

37.10 . *'3.56 100.00



-

Size, D

(u) P

l.67
2.35
3.30
4.70
6.60
9.40
13.20
18.60
26.30
37.10
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Table Al.9

Particle Size Distribution for
Run Number 7

Difference
%

4.61
+13.33
24.60

13.73

15.48

3.05

8.25

- 3.81
5.45

. 7.69

‘Cumulative

4

4.61
17.94
42.54
56.27
71.75.
74.81
83.05

"86.86
92.31
100.00

-



Size, D

(w) P

1.67
2.35
3.30
4.70

6.60

9.40
13.20

18.60

"26.30
37.10

Table 2Al1.10

Particle Size Distribution for
. Run Number 8

Difference

1

3

-4.34
10.94
20.34
4.26
20.61
6.63
6.44
4.05
0.06
31.01

Cumulativ%
%

-4.34
6.61
26.95
31.20
51.81
58.44
64.88
68.93
68.99
100.00



Size, D
(w P

1.67
2.35
3.30.
4.70
6.60
9.40

13.20

18.60

26.30

37.10

-
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Table Al.ll

.Particle Size Distribution for
Run Number 9

Difference
%

-6.64
5.30
13.29
15.33
12.13
13.70
10.88
3.40
9.90 "
22.73

Cumulative
%

-6.64
-1.34
11.94
27.27
39.39
53.09
63.97
67.37
77.27
100.00



Table Al.12

Particle Size Distribution for
Run Number 10

Size, D - pifference | . Cumulative

w) P % - %
1.67 5.65 . 5.65
2.35 0.05 5.70
3.30 . . 2.00 7.70
4.70 -0.80 6.90
6.60 ) -1.90 . 5.00
9.40 3,39 8.39

13.20 2.51 -, 10.90

18.60 - 0.30 ' 11.20

26.30 : 18.15 29.735

37.10 , 70.65 - : lQ0.00»




s

Size, D

(L) '

1.18
1.67
2.35
3.30
4.70
6.60
9.40
13.20
18.60
26.30
37.10
52.40
74.00

Particle Size Distribution for
Run Number 11

—

- 11

Table Al.13

. Difference

2
2
1

%

1.21

1.30
2.06
9.48
1.04
2.71
8.42
9.83
5.77
3.87
2.40

.52

1.38

Cumulative
%

1.21
2.52
4.58
14.07
35.10
57.81
76.23
86.07
91.84
85.70
98.10
98.62
100.00



Table Al.14

Particle Size Distribution for
Run Number 12 -

Difference Cumulative

C % .- %

’ [
$.13 * - 5.13
8.51 17.64
12.83. 30.47
14.56 45.03
11.71 | 56.74
12.33 69.07
9.93 ' 79.00
7.49 : : 86.49
13.51 ’ 100.00

[P S A
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Table Al.15.

‘Particle Size Distribution for
Run Number '13

) -

Size, D . Difference ° Cumulative |
L) P - ' % 3 :
1.18 - : ; 3.83 _ 3.83
1.67 7 1.50 5.33
2.35 ’ 1.18 6.51
3.30 ) - 4,55 11.06
4.70 t 15.49 26.55
6.60 . +19.92 46.46
9.40 | 14.85 61.32
13.20 T 8:32 . . 69.64
.18.60 . 5.42 75.06°
26.30 . 5.45 | 80.51
37.10 . 3.96 ) 84.47
52.40 ' 3.66 88.13 .
74.00 . 2.18 90.31
104.00 , 6.28 96.60
147.00 - ) 3.40 ' 100.00‘
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Table Al.l6

'Particle Size Distribhtion for
Run Number 14

Size, D . Difference - Cumulative
(u) P .. 3 B $
. : . -
1.18 _ : 2.80 ‘ © . 2.80
1.67 . @®.67 . 4.47
2.35 ' : 3.06 ' 7.53
3.30 ' . 12.11 . - 19.64
4.70 : 17.34 36.98
6.60 ~ . 16.85 e 53.84
9.40 : 12.00 65.84
13.20 : o 3.95 s 69.79
18.60 5.58 75.38
26.30 7.71 - _ 83.09
37.10 ' . 5.97 89.06
52.40 ‘B 4.08" . 93.14
74.00 2.99 : 96.13

104.00 o L 3.87 £ 100.00



Size, D

(y) P

1.18

1.67
2.35
'3.30
4.70
 6.60
9.40
13.20
18.60
26.30
37.10

-~ 52,40
- 74J00
- '104.00

e

, Table Al.17

Particle Size Distribution for
Run Number 15

.Difference

Cumulétive

- %

2.91
6.25
4.23
6.17
15.14
32.06
.51.59

67.67.

— 80.01
. B7.65

92.97

95.03

98.04

100.00
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- Table Al.18

Particle Size Distribution for
Run Number 16

Size, D : Difference Cumulative
(w) P ' ' % %
1.18 ' 2.58 . 2.58
1.67 1.16 3.75
2.35 _ -0.39 : © 3.36
3.30 5.52 ‘ 8.88
4,70 10.88 : - 19.76
6.60 20.93 40.69
9.40 . 19.30 : 59.99
13.20 15.15 75.14
18.60 . 9%37 - 84'.52
26.30 5.74 _ 90.26
$37.10 _ 3.90 . 94.16
52.40 3.66 , 97.81

74.00 2.19 100.00
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N Table A1.19 h |
Particle Size Distribution for
’ , Run Number ‘17
_ | .

Size, D Difference .~ Cumulative
() P . g : %
1.18 ' 3.81" ' 3.81

1.67 : -2.14 , 1.67
2.3 ) 2.26 3.93
3 ' . 6:85 . T J0.78
4.70 9.38 f : 20.16
6.60 13.59 ) 33.75
9.40 ' . 9,37 43.12
13.20 o 9.31 . 52.43
18.60 9.53 61.96.
26.30 ’ - 12.94 74.90
37.10". ' 16.10 o 91.00
52.40 \ 6.35 87.35
74.00 2.65 . 100.00
iy
47
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. Size, D

ce_W) P

1.18
1.67
2.35
3.30"
4.70
6.
'9/40
1320
18160
26.30
37.10.
52.40
74.00

-. 118 -

Table 31.20

Particle Size Distribution for
Run Number 18

Difference,
: 'y

7.91
3.81
3.08
4.56
-~ E 16.40
' ¢ 20,16
16.69
9.18
4.63
5.58
-3.50
X 3.39
1l.11

_'Cumulative
%

7.91
11.72
14.81
19.37
35.76
55.93
72.62
81.80
86.43
92.00
95.51
98.89

100.00
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.
Table Al.21
Particle Size Distribution for
. . _  Run Number 19
Size, D » : Difference : - Cumulative
wy P % R
- ) . .
1.18 ' 1.43 1.43
1.67 1.61 - .. 3.04
2.35 ; 0.65 . 3.70
.3.30 2.97 ' 6.67
- 4.70 5.60 12.27
6.60 " 9.15 21.42
9.40 11.22 ' 32.64
13.20 ) 12.42 ' 45.05
18.60 16.62 61.68 =
26.30 16.00 ’ : 77.67
37.10 - 12.81 90.48
52.40 6.67 97.15

74.00 2.85 100.00



Size, D

(u)

1.18
1.67

2.35 "

3.30

70
&
7-30
13.20
18.60

26.30 -

37.10

- 52.40
- 74.00
104.00
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Table Al.22

Particle Size Distribution for
Run Number 20

Difference Cumulative

Y , % :
3.44 ’ 3.44
1.05 . 4.49
2.05 6.54
4,78 11.32
J 13.53 " 24.85
19.03 43.88
17.68 61.56
16.78 78.04
10.96 89.00
3.23 92.23
3.06 . 95.29
2.11 ) 97.40
1.34 '98.74

1.26 © 100.00

“...uu:}n—u‘%

Ry T R

i



Table Al.23

Particle Size Distributioh for
Run Number. 21

. bifference
%

9.91
3.55
5.16
8.03
12.78
18.77
13.63
11.61
7.45 |
4.41
4.07
0.64

Cumulative
%

9.91
13.46
18.62
26.65
39.43
58.20
71.83
83.43
90.88
95.2
9. 36"

100.00



Size, Dp
{u)

1.18
1.67
2.35
3,30
4.70
6.60
9.40
13.20

18.60

26.30
" 37.10
52.40

‘Table Al.24 ”
Particle Size Distribution for
Run Number 22 oo
Difference Cumulative
- % ' 2
2.70 N 2.70
2.30 : 5.00
2.87 : 7.87
4.64 . 12.51
12.46 24.97
14.44 o 39.41.
20.21 : " 59,62
18.60 . 78.22
+11.80 90.02
7.18 97.21
2.38 59.58

0.42 : 100.00



a Table Al.25
Particle Size Distribution for
Run Number 23
Size, D Difference ‘Cumulative
wy F - 3 I
1.18 5.84 5.84
1.67 _ . . 0.23 6.08 —
2.35 2.59 ~ 8.66
3.30 4.00 12.66
4.70 14.33 ) - 26.99
6.60 17.64 44.63
9.40 18.56 . 63.19
13.20 - 15.23 78.43
18.60 : 9.22 B7.64
26.30 - 6.37 , 94.02
- 37.10 ' 3.53 97.55
o 74.00 T ' _ 2.45 - 100.00



. Size, D
) P

1.18
1.67
2.35
3.30
4.70
6.60
9.40
13.20°
i8.60
26.30
37.10
52.40

Table Al.26

Particle Size Distribution for

Run Number 24

Difference
%

1.29
1.62
8.69

16.79

19.91

16.60

10.15
6.88
5.20 °
7.67
2.29 .

Cumulative
3

2.91
4.19 |
5.81
14.50
31.29
51.21
67.81
77.96
84.84
90.04
97.71
*100.00
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. o Table Al.27

Particle Size Distribution for
Run Number 25

Size, D_ . Difference - Cumulative
P . L % . . %

1.18 3.55 _ 3.55
1.67 ‘ ' - 2.27 5.83
2.35 . : 2.57 8.39
3.30 7.65 : 16.05
4.70 - 18.76 34.81
6.60 22.08 "56.89
9.40 15.35 72.24
13.20 . 8.70 80.94

18.60 - , 4.29 .- B5.22
26.30 . . 4.48 89.70
37.10 ''2.84 92.54
52.40 5l 5 97.79
74.00 0.80 ’ : 98.59

104.00 1.41 100.00



Size; D

\. (1)

S 1.18
1.67
2.35

3.30

4.70
6.60
9.40

13.20

18.60

26.30

37.10

52.40

74.00
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Table Al.28

Particle Size Distribution for
. Run Number 26

L

Difference " Cumulative
' % 2
2.64 - o 2.64
2.34 4.97
0.02 4.99
4.73 9,72
. 11.04 20.76
o 14.11 34.87
15.42 50.29
19.12 69.41
13367 . '83.08
6.15 . 89.23
6.71 95.94
3.01 98.94

1.06 _ 100.00 °

\/
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Table Al.29

Particle Size Qistribution for
Run Number 27

Size, D Difference “Ccumulative
(uvy P S 3 3
; 1.18 2.64 2.64
: 1.67 2.95 5.58
. 2.35 2.72 8.30
. . 3.30 ) 5.34 . 13.64
4.70 14.57 28.22
6.60 19.31"° 47.52
9.40 ) 17.06 . 64.58
13.20 12.93 77.51
18.60 6.19 . 83.70
26.30 3.55 . 87.25
37.10 4.30 91.55
52.40 T .. 3.02 : 94 .57
74.00 . 2.77 97.34

104.00 2.66 100.00
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Table Al.30

Particle Size Distribution for
Run Number 29

Size, D " Difference ' Cumulative
(u) P $ : %
1.18 - ] -0.15 . -0.15
1.67 .82 1.67
2.35 - '—%.77‘ 0.90
3.30 . 4.33 S 5.22
4.70 12.44 .o T T 17.67
6.60 15.62 ' 33.58
9.40 , 20.93 54.52
13.20 , _ 19.79 74.30
18.60 ’ 12.70 87.00
26.30 ! 6.45 93.45
37.10 3.73 - 97.18
52.40 .2.12 99.30

74.00 0.70 _ 100.00

£



Size, D

(u) p

1.18
l1.67
2.35

3.30 .

4.70
6.60
9.40
13.20
18.60
26.30
37.10

52.40

74.00

-y

B *)

Table Al.31

Particle Size Distribution for
Run Number 31

Difference . Cumulative

% %

6.13 6.13

: 6.21 12.34
' 2.43 ‘ 14.77
16.88 31.65

24.42 56.07

18.01 74.07

9.97 . - 84.04

4.57 88.61

2.79 91.40

2.67 ' : 94 .08

2.13 96.21

-0.05 96.16

3.84 100.00




bt

Size, D
(u)

1.18
1.67
2.35
3.30

4.70 .

6.60

. 9.40
13.20

18.60

. 26.30
37.10

52.40

Table Al.32

Particle Size Distribution for
Run Number 33 -

Difference
%

| 4.97
: . 5140
4.12

11.57

25.26

22.10

14.10

5.69

2.75

2.46

1.02

0.55

Cumulative

. %

4.97
10.38

.14-50 . .

26.07
51.33
73.43
87.53
93.22
95.96
98.43
99.45

100.00
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~ o Table Al.33

Particle Size Distribution for
Run Number 35

Size, D : Difference | - Cumulative
am P % . e |
1.18 - 8.33 - 8.33
1.67 . =1.58 : . 6.75
2.35 . 4.94 .- 11.70
3.30 » "g.74 : 20.44
4.70 : 15.58 , .. 36.02
6.60 ' 19.27 - 55.29
9.40° _.13.94 T . 69.23
13.20 - 11,.08 . - -~ 80.31
18.60 ' 7.56 ) 87.87
26.30 . . 6.86 _ 94.74-
37.10 ‘ : . 4.42 199,15
52.40 - ' 0.85 . ;20.00




o, APPENDIX II

Least Sguares Equations
and Computer Program

—
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"Appendix II

: - Least Squares Equatioﬁs and the Computer Program

~ When usihg linear least squares, the objective is
to fit data to an equation such as
Y =_Bo+31X1+Bzxz+812xixz+311x12+szzxzz+E (A2.1)

This is accomplished by minimizing the sum of

N ) )
squares of the residuals, i.e. .

(Yu’(Bn+31x1+Bzxz+Bf281Xé+Bx1x12+825x22)) (52-2)

. This expression is minimized when the partial
derivatives with respect to the parametérs are set equal to

zero, e.9g.

I e"Jz) =0
380 u=l
n
d 2
S — (I e )Yy =20
‘381--u=l u
, n
3 - (L euz) =0 -
3822 u=l
In matrix form, the equétions may be written as:
xTX B = XY . (A2.3)
. To solve for B: )
g = Xt tixTy) - (A2.4)
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§?§ is a p x p matrix and E?X is a p x 1 vector where p is
the number of parameters in the equation. .

| Ié therelare non-zero values for thé'off-diagonal.
terms in the matrix, g?z,-then, correlation among the'parametef
, estimates will occur. This correlation may be reduced if
the independgnt‘variablés are redefined és |
x; = X - X,
% Range of X

(a2.5)

where X5 = coded form of Xi ) .

X. = actual value of X. . : T
i ' i

If a series of experimental runs is predetermined

Rl

“at a specific set of points, then all parameter correlation
can be eliminated because the experimental runs in coded
form will result in all off-diagonal terms of the 5?5 matrix

i

will depena only

‘being zero, hence the parameter value, Bi'
0y n
upon the value of I (xiuyu) for any given run.
: u=1l

The procedure for dete:mining where experiments
shou}d be perférmed ié as follows:. .
_‘1)~ determine the range of the operating variables
2) set up a grid.of the X maﬁrix in coded form
in-tﬁe following manner.

a) all values of xo =1

TR P



- 135 -

Il

b) the values.of x; = -1 for odd numbered runs
= 1 for even. numbered runs
c) the values of x; = -1 for u = 1;2,5,6,...

=1 forus=3,4,7,8,...

d) the values of x; = -1 for_2i-1 runs

1 for 2" runms
The. significance of the parameters may be evaluated
for screening purposes by determining the 95% confidence

intervals of the parameters using a t-distribution.

~

8;= B, * t /Var(s,) : (A2.6)

where Var (Bi) = cii;where C:iy is thé term in'the ma£rix
T, "2

C = (XX)o . < (A2.7)

82 = estimated pure efror 6ariance_= SSR/ (n-p)

v = the degrees of freedom associated Qith ;2

= n-p
If 0 falls within the confidence interval, then
the paraméter may be dropped. If the paraméter estimates
are uncorreldted, then dropping of any insignificant terms
will not change the values of the signifigant parameters"
In this study, the ‘experiments were not run at the

design points due to the problems with pH control. Because of

L}
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SRR ' s
these problems, a matrix inversion routine had to be employed.

The subroutine used a Gauss-Jordan elimination (33). .The

entire program using the above equations follows:



Ve r N

16
17
10
19
20

21
22
23
24
25
28
27
28

29

30
31
32
33
34
s
36

NONONN"NONK

[aNsNaRa sl

006N

anNn onbonnn
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JOB SFOIZIGI,'hCPKIhS',TIPE=120 PAGES=ES50

-ttot--...0..-at.o..n..tot...oa...ooo.nto.o.‘l
LINEAR REGHRESSICM PROGRAY

FROGRA» READS IN XyY CALCULATES X=TRANSFOSE
X1Xy RTX= INVERSE.KTY AND TrE PARAMETER VALUES .
THE RESIDUALS ANC SUM UF SQUARES OF THE RESIDUALS
ARE ALSOD CALCULATED

--ooo.ooo-oo-oo-.----a.-.ooaoo-..-o.ot-no-ooo-o.tt
ODIMENSION YCLT70),R{70)
CIENSIODN BIT70)
DIMENSIOMN X{7G,701 ) H
CIMENSION X 270) ' ) )
‘CIMENSIOMN Y '
DIMENSION C
GIMENSION D
READyN m
DETM=O,
DINRM=zO, ,
DC 10 K=l oW
DO 9 J=1,N
READ 4 Xl JdyK)
9 CCANTINVE
10 CONTINUE
CPLCSPIP IR RS INSR PP OSSN IRLIRPOSIORRTORERSREDRORDS

FIND XT

-......-..ll‘-....0..'t..ﬂ.....‘l.......l.....t.l...‘
DC 20 K=E1,¥
DC 18 u=m1,M -
KTUIKgUI=X{Jgk} '
1% COMTINVE
20 CONTINUE
..t‘..t‘.-.-.l‘-..l.l.l...-.C.'....-..-.‘O-...‘.....
FIND TFE MATRIX C=XTX
..‘.‘....0......'.....ll......q.........‘....l....“

DC 30 Ix=l,m
DO 29 J=31,»
CiI,Ji=0,
DO 28 K=1,M - '
Ctl JISCII,JI*XT(!.K|'XIK,JD

28 conr:nus

29 CONTINUE ‘ . ,

30 CCNTINUE '

o--tc-o.‘--s--oo--.-no‘-oia--.oc.tc..--oo-o-oo-oo-
FIND THE INVERSE OF ¢

THIS IS LQNE WSING THE SUBROUTINE *INVDET FOULMND IN
THE BOOK *NUMERICAL METHCDS®' BY ROBERT we, HORNBECK
FULERRLBINIEE RN PROC T EEPEEINEOERNONEPPIROIBRORSOESES

CALL INVDETUC, M CTAPM ,CET M)
tb....uo....vt--.'.ooOOOIlo.a.----o..o‘t.t.o'o

FINDTME MATRIX DEXTY .
..‘.'.......-........I......."...‘..-..-.....‘.

0O 56 Iz=1,M - - .

READ,Y(I) :

%) CCATINUE
OO 60 Ixi,w
DlIy=o0,
OC %9 JE1l,N
CULIN=D(TI*XTLIyJloY I} [



a7
s

39
40
41
42
42
he

45
46
&7
48

B 3]

50
51
52
53
34

%5
56
7
50
39
60
62

62
63
64

86
&7
60
69
T0
T3
-T2

T3

Ta4

15
76
™
T8
7%
80
81
82
83
84

nooOon

oo0n

oo0n

non
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59 CONTINUE ' -
60 CONTIMUE ) I
hdhadaddd A EEL RS LS P R Yl N R P Y TP Y YT YY)
FIND THE VALUES GF THE PARAMETERS,BETA
IeEe TRE PARAMETERS IN THE LINEAK EGUATION

.'...............‘.‘.......“OI......‘.........‘.'.

DO 70 Ixi,w¥
B{IN=0,
LLEC 689 J=1,¢
a(Il*B(II#C(I.Jl'DlJI >
€9 CONTINUE
70 CONTINUVE .
LR 3 ] ....O....‘lt........‘.l....‘.....‘...“..-.‘.ll
CALCULATICN OF THE RESIDUALS AND RESIDUAL 5uw .
CF SQUARES
o---o---o-n-.ooa--o----oooc--.s..oo-o.ooo--toooooo
SSR=0.
DC 80 1=1,M
YCUI)=0,
DO 79 JEl,»
YC(II!YC(IIO!II.JI‘B!J!
79 COMTINUVE
: RiI)=eY{l)~=YC{I}
SSkR= ssnonlll-RtIl
80 CONTINUE
VARESSR/IN=)V)
AL N R Y Y Y Y Y Y I I '
CALCULATE AND PRINTY THE VALUES OF
THhE VARIANMCE=~COVARIANCE MATRIX ’
A AR AL R R Y Y Y R Y F R N s I IS I I I Y™
PEINTy *THE VARIANCE=~COVARIANCE MATRIX®
00 82 Ixz1l,¥
DO s1 JSI.N :
ClILJIEC(I,JIBVAK
PRINT, I.J.CII,JQ

. 8k CGNTINDE

82 CONTINUE
.....1.-...0...‘...Ct....t.t..l..‘.l............l.
PRINT ALL OTHER VALUES
...-'!.I..-.'l.‘l........‘........‘.........l.....

PRINT,y *THE PARAFETER VALUES®
OC 83 I=1,¥
PRINT,I, B(Il
(%] ccurznue ,
PRINT 84
84 FCEMAY crs.'v',rxs,'vc'.rzs.'nESIDUAL'|
Co &% 1=1,
Psxnr,vtxl,vC(li,plxl
8% CONTINUE
PFRINT,*THE SUM OF.SQUARES OF THE RESIDUALS=?,SSR
PRINT.'ThE VAR!ANCES'.VAR
s5tTop ‘ ‘ , ‘
END - ' ///’
SUBROUTINE INVDETI(C4N, UTNRM,DETMl
DIVENSION. CLT0,70),J1120
PLx1,

DG 124 Lz=1,N ‘ . ' L

DD=0,
DC 123 K=ai,N '
123 DDTDD+CIL,K}®CiL,K)
DL=SQRTI(DD)
124 PD=PDeDD
OETN=1.

)ﬁ . . | o

o



DC 125 LE1,N

.85
86 -125 JiL+20) =L
87 DO 146 LE1g4N ‘ .
.88 CC=0, .
89 rEi .
80 DO 135 KxELgN
s1 IF ((ABSI{GC)=ABS{C(LyK])) +GEs 0Oe) GO TO 13%
92 126 MEK : _
3 ' CC=C Ly K)
24 135 CCONTINUVE
5 127 IF tL +EQ. M) GO TO 130
26 128 Kx=Jtwe20) ‘ ’
7 JINve201EJ(L+20)
98 JiL*20)=K
L ¥ ] DC 3137 K=1,N
100 SECtRyL) -
101 CiKyL)=CIKyM])
102 137 CiKkgPIsS
103 138 ClLyat)=1,
104 DETVEDETMeCC : :
108 DC 139 Mx1,N .o
10F 139 ClLyMiECiLy»)/7CC
107 DC 142 MWEl N
108 IF (L +EQs M) GO TO 142,
109 129 CcC=C{V,L)
110 IF (CC LEQe O, GO TO 142
111 130 CiM,LIZO,
112 DO 141 K=z1,N
113 141 CiMyK)zCiMyK)=CCeClLyX}
114 142 CONTINVE
115 144 CONTINVE
116 . DO 143 Lz1,N
117 IF (JIL+20) 4EQe L)} GO TO 143
118 131 m=L
119 132 pxuvel -
120 IF (JiMae20) +EQs L} GO TO 133
121 138 IF IN 6T, M) 60 TC 132
122 133 JimMe20)=JLL*20)
123 DO 163 KxE=i.N
124 CCeCiLyK)
12% . T ClLyRIEC IMyK)
128% 163 CiMyKI=CC — ;
127 - JiLe 20) =L 1
128 143 COMNTINVE - . /
1289 OETM=ABSIDETH], :
130 CTNRMZDETPF/PD
131 RETLRN 1
132 END : '
-’
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APPENDIX III

‘Determination of Uranium By

Fluorimetry
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Appendix‘III.

Analysis for Uranium Using Fluorimetry

Uranium, is determined by measuring the -fluorescence
" produced when a sodium-fluoride-{ithium fluoride bead containing
the uranium is illuminated by ultra-violet light. The
fluorescence is measured using a Jarrell-Ash Fluorimeter by
taking a galvanometer reading and comparing this reading to
‘that of a uranium standard. Minimum error occurs if the
uranium in the sample bead is 50-200 ng. It is tﬁerefore
necessary to have a good estimate of the sample's uranium
content beforehand. The'standard bead should contain 100 ng
of uranium. . -

The uranium sample (1-5g) is dissolvéd in 10 ml
concentrated in,a 250 ml beaker. The solution is heated
gently. Ten millilitres each of H,S0. and HNO, are added and
the solution islheéted. Then 5 ml of HF are addeq/and the
solugzgh is boiled to dryness, add 5 ml_of HNOy an& 50 ml of
water and heat to dis§olve ;he soluble salts. The solution
is then diluted to an estimated uranium concentration that
w111 yleld 50 to 200 ng in a 0.1 ml aliquot.

Place a 0. l ml’ allquot in each of two platinum
dishes. Up to nine dlfferent samples may be analyzed at
once. Use 4 standards and 2 blanks for comparison purposes.

| The platinum”ﬁishes are-placed»in an infra-red

gven and slowly driéd. A NaFl—LiFf pellet is placed in each
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dish then the samples are placed in the ring supports of a
rotary'Bu;ner and'subjected to the -flame for 5 minutes to
' induce fusion of the uranium into the peilets.

The fluorescence ié.measuied for all the samples,
the standards; aﬁdfthe biankﬁf From the galvaﬂume;gf readings{
the uranium in 0.1 ml aliquot of the sample may be calculated
as,‘ follows. .‘ |
U in 0.1 ml aliquot (ng) = GRg - CRB_

R, = Ry
)

= meaﬁ galvanometer reading for the sample

(A3.1)

GRS |
GRB =" mean galvanometer reading obtained fgr the blank

"
-

=

GRU = mean galvanometer reading for 100 ng of uranium

The uranium content of the sample in percent may be calculated

by . e
$U = U(ng) x 10°° L ap  Yap oo
sample mass(g) 0.1 V. )
Vip = volume (ml) of the initial sample solution
VZD = volume (ml} of the solution after the second dilution

(if necessary) -

v = volume (ml) bf the solution taken for the second dilution
step. « :





