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ABSTRACT 

Neptunium (IV) oxalate was precipitated using a two-stage 
precipitation system. A series of precipitation experiments was 
used to identify the significant process variables affecting 
precipitate characteristics. Process variables tested were input 
concentrations, solubility conditions in the first stage precipi
tator, precipitation temperatures, and residence time in the first 
stage precipitator. A procedure has been demonstrated that pro
duces neptunium (IV) oxalate particles that filter well and readily 
calcine to the oxide. 
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TWO-STAGE PRECIPITATION OF NEPTUNIUM (IV) OXALATE 

INTRODUCTION 

The Savannah River Plant recovers neptunium-237 by precipita~ 
t ion as neptunium (IV) oxalate. It is then calcined to neptunium 
oxide, mixed. with powdered aluminum, and· pressed into billets for 
fabrication into reactor target's. The targets are ·irradiated to 
produce plutonium-238 for use as heat sources 1n radioisotopic 
generators. 

Neptunium oxide powder must be produced with optimum charac
teristics for blending with aluminum powder for billet fabrication. 
Characteristics of the oxide depend on· t·he precursor neptunium 
oxalate. New neptunitUn facilities, now under construction, will 
use a new two-stage precipitation system to precipitate neptunium 
(IV) oxalate. The primary objectives of the new system are to 
provide product ve~satility and to maintain consistent control over 
product characteristics. 

This report summarizes laboratory development work for 
neptunium (IV) oxalate precipitation using a two-stage precipita
tion system. 

BACKGR.Outm 

Different solution conditions during precipitation influence 
particle characteristics of the precipitated material. These 
particle characteristics determine the performance of the precipi
tation process. For example, in most precipitation processes, 
conditions of high supersaturation promote crystal nucleation 
whereas conditions of low supersaturation promote crystal growth. 
Precipitation conditions which predominantly favor nucleation can 
result in excess "fines" generation which can plug filter boat·s and 
increase product filtration times. Precipitation conditions which 
predominantly favor crystal growth can result in "plating" on 
interior surfaces. Plated material increases personnel radiation 
exposure. 

Successful precipitation processes ultimately optimize the 
conditions of supersaturation to provide sufficient nuclei which 
can be grown to larger particles while avoiding excess nucleation 

" 
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(fines) or growth (plating) condition. In general, selection of 
these optimum precipitation conditions depends in part on precipi
tation equipment, feed stream compositions, precipitation solu
bility conditions, precipitation kinetic relations, and mixing 
specifications. 

EXPERIMENTAL METHODS 

Equilibrium Solubility Tests 

Pure solutions of nep~unium (IV) in dilute nitric acid re
quired for solubility and precipitation studies were prepared .by 
dissolving neptunium oxide and purifying by anion exchange. 

The equilibrium solubility of neptunium (IV) oxalate in 
nitric/oxalic acid solutions was determined! at 22nC, 43°C, and 
60°C. Neptunium (IV) oxalate was precipitated from solutions of 
known concentrations .of oxalic and nitric acids. The nitric/oxalic 
acid solutions represented a wide range of free oxalate ion con
centration. After equi 1i brat ion, the solutions were analyzed to 

. determine the solubility of neptunium (IV) oxalate. Neptunium 
analyses were performed by standard alpha counting techniques. 

Precipitation Tests 

All precipitations were performed using a small scale two
stage precipitation system (Figure 2). A series of precipitation 
experiments was used to identify the significant process variables 
affecting precipitate characteristics. Response variables in thes~ 
experiments were the neptunium oxalate and oxide particle size 
distributions, plating in the precipitators, and extent of precipi
tation in the first stage precipitator. The major process varia
bles of interest were: 

Process Variable 

Neptunium feed concentration to 
the first stage precipitator. 

Nitric acid concentration 
irt the neptunium feed. 

Oxalic acid concentration to 
the first stage precipitator. 

Residence time in the 
first stage precipitator. 
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Range 

10 - 20 g/L 

1 - 3.5M 

0.45 - 0.9M 

2 - 10 
. m1n 



Process Variable 

Temperature in the first 
stage precipitator. 

Temperature in the second 
stage precipitator. 

Oxalic/nitric ratio 
(i.e. Rs value) 

. Range 

oxalic - oxalic 
lean rich 
(cation) (anion) 

Experimental flow rates for the two-stage precipitation system were 
determined (Appendix 1) as functions of the process variables. A 
two-level factorial screening design2 was used to set up process. 
parameters for the precipitation experiments. . 

Precipitation Procedures 

Neptunium (IV) oxalate was precipitated from neptunium (IV) 
nitrate solutions containing 10 t.o 25 grams -of neptunium per liter 
in 1.0 to 3.5M nitric acid. The neptuniul)l feed solution contained 
0.05M hydrazine to stabilize the neptunium (IV) valence state3•4, 
Ascorbic acid was added to the neptunium feed before precipitation 
to reduce ·any neptunium (V) to neptunium (IV). The presence of 
neptunium (V) results in higher losses to the. filtrate. The 
neptunium oxalate precipitations were on a 2.0 to 5.0 gram scale. 

Pre~ipitation Screening Designs 

The main use of a screening design is to efficiently identify 
the few really important variables among a larger number of possi
ble variables with a minimum number of experiments. A detailed 
explanation and analysis2,5 of the two-level factorial experi
mental designs may be found in Appendix 2. Table 1 shows the 
experimental scree~ing design2 used- for the neptunium (IV) oxalate 
precipitations. · 

Precipitation Response Variable~ 

The particle size distributions of neptunium oxalate and 
neptunium oxide were used to evaluate the quality of precipitates 
formed under a given set of conditions. Measures used to evaluate 
quality were: mode, median, volume percent of particles less than 
5 microns, and volume percent of particles greater than 20 microns.· 
Particle size distributions were determined by Coulter Counter 
analysis. 
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The mode of the particle size distribution was used as a· 
measure of precipitate quality because it is not influenced by 
extreme observations. This mode is simply the site that occurs 
most frequently. The median is the midpoint of the particle size 
distribution and is somewhat sensitive to extreme values. The mean 
is very sensitive to extreme values. The volume percentage· of 
particles less than 5 micron was used to evaluate the formation of 
fines. This measure is useful regarding filtration characteristics 
of the oxalate. 

The extent of plating in the precipitators was simply noted as 
non~, light, or heavy. This was a qualitativ~ observation. 

Vessel Agitation Tests 

A series of agitation tests were performed on the small' scale 
two-stage precipitation system. The tests involved observation of 

· NaOH/HN03 neutralization react ions using colored indicators.' the' 
rate of color change in the precipitation system is limited by 
mixing kinetics and not neutralization kinetics. The neutraliza-
tion reactions are very fast. Bulk mixing times of less than ··5: 
seconds were typical 10 the first im.d second stage precipitation 
ve~sels. 

Three-bladed marine type impellers (down pumping) were us·ed in· 
both vessels. Tip speeds of the agitators in the first and secorid: .. : 
stage precipitation vessels were 4.4 and 5.0 feet/sec respectively, ·· 
per recommendation from previous neptunium (IV) oxalate precipita
tion work. 6 One-inch and three-inch-diameter impellers were used 
in the first and second stage precipitation vessels, respectively.·.·. 

DISCUSSION 

Equilibrium Solubility Data 

Equilibrium solubility data have been previ mu~ 1 y published .1 
The data show that neptunium (IV) oxalate solubility is a function 
of the free oxalate ion concentration (i.e., denoted Rs). Equi-
libria between neptunium (IV) oxalate complexes account for the 
varying suluuiliLy. FuuL uAalate complexes have been reportcd6~9 
in ~he litilrature. ~Hnim1Jm snluhi li ty results when the formation 
of the highly insoluble dioxalate complex is favored. Increased 
solubility ·results from the format ion of cat ionic or anionic com
plexes as the free oxalate ion concentration varies from optimum 
valu·es. 
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Equilibrium Solubility Model 

Complex equilibria were used .to ~evelop a mathematical IIIOdell 
of the equilibrium solubility ·of neptunium (IV) .oxalate as a 
function. of free oxalate ion concentration· (de~oted . by . Rs) •. 
Figure 1 shows the predicted equilibrium solubility curves at each 
temperature, 

Using the solubility model, the contribution ot the overall 
equilibrium solubil~ty from the formation of a particular complex 
species can be associated with a region of the solubility curve. 
For example, the cat ionic complex predo~inates in the region of 
small values of Rs .(i.e., Rs < 0.01). This region of the. 
solubility curve is k~own . as the oxalic-lean region .10 As Rs .. 
increases (i.e., 0. 01 < Rs < 0. 2) the solubility minimum . is. 
reached when the formation of the highly insoluble dioxalate 
complex is favored. The equilibria involving the format ion of· the 
neutral complex predominates in th'is region. However, as Rs 
further increases (i.e., Rs ) 0.2), the solubility increases 
because of the format ion of the highly soluble anionic complex. 
This region of the solubility curye is known as the oxalic-rich. 
region.10 

In the region of high. free oxalate ion concentration, the. 
solubility curve at 60°C .intersects and falls below the solubility 
curve at 45°C. This behavior suggests high temperature inst~bility 
of the anionic complex, Np(C204)32-. 

Using the mathematical model of the equilibrium solubility it. 
can be shown that the solubility minimum· shifts to higher free 
oxalate ion concentrations as the temperature increases. 

Precipitation Results and Analysis 

Table 1 shows the experimental screening design2 used for the 
precipitations. Table 2 shows the actual flow rates, extent of 
conversion, and filtt.ate losses from. t;he precipitation experimel)tS. 
Particle size distribution 4ata are given in Tables· 3 and 4 •.. 
Analysis of these data follow standard statistical analysis 2,5 · 
of two-level fractional factorial designs and is shown in Tables 5 
through 7. 

Effect of Temperature· 

Table 3 shows data obtained in the neptunium (IV) oxalate pre
cipitation experiments.. The particle . size is strongly influenced 
by the temperature during precipitation. Larger oxalate particles 
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were obtained when both precipitators were at the higher· temp.er
ature. The higher precipitation temperatures provided better par
ticle growth and reduced the amount of fines (i.e., the percent of 
material ·less than 5·.0 microns). This effect is shown in Table 6. 
Particle sizes were routinely between 25 and 40 microns. 

When both precipitators were at room temperature, the oxalat·e 
particle sizes were typically less than 16 microns. 

When the precipitators were·operated at different temperatures 
the results varied. When the first stage precipitator was· at 6oo·c 
and the second stage at ambient, the oxalate particle sizes varied 
between 15 and 25 microns. When the first ·stage precipitator wa.s' 
at ambient and the second stage at' 60°C the oxalate particle sizes· 
varied between 20 and 30 microns. . 

The rate of reduction of neptunium {V) to neptunium (IV) in
creases at higher temperatures.4 

Effect of Nitric Acid Concentration 

Neptunium (IV) oxalate particle size decreases with high 
nitric acid concentration in the· neptunium (IV) feed· stream·. This 
effect is statistically significant as shown in Table 5: · The 
nitric acid concentration ranged from 1.0 to 3.5M in these'tests; 

A luw~r limil uf 1.5M 
is recommended to prevent 
degradation product in the 
neptunium (V) to neptunium 
nitric acid concentration.6 

ui lr it: CiC itJ 111 lh~ ll~plunium (~~tJ 

precipitation of ascorbic acid 
feed. The rate of reduction of 

(IV) increases with increasing·· 

Effec.t of Neptunium Concentration 

Precipitation of neptunium (IV)· ·oxalate from feed soh,ttions 
containing ·10 to 25 g/L neptunium produced low waste losses' and··· 
slurries that filtered well. · The overall effect of neptunium" . 
concentration on particle size is no~ statistically significant. . 

Effect of Oxalic Acid Concentration 

Oxalic acid co~centration in the feed streams was vari~d. 
between 0.45 and 0.9M. Plating observed in the first s.tage precip
itator <Jecreased with higher feed concentrations of oxalic acid. 
This effect was statistically significant as shown in Table 7. 
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Effect of Oxalic/Nitric ·Ratio' 

L•rg~ particles c~n-be produced from·precipitation conditions·: 
on· both sides of the solubility m1n1mum (i.e., ·cationic vs .... · 
anionic). However, cationic precipitation conditions, in general;. 
produce significantly higher throughputs and lower waste volumes 
for a given des.ign. Anionic precipitation conditions significantly 
reduced the rate ·of precipitation in the.·. first stage precipitat·or · 
by forming strong oxalate complexes with neptunium· (Table 7). 

Effect of First-Stage Residence Time 

The effect of residence 
on particle size was not 
studies. The range of first 
minutes. 

Ascorbic Acid Degradation 

time in the first stage precipitator 
statistically significant in these 
stage residence times was 2.0 to 8.0 

Excessive degradation of ascorbic atid was observed during the 
neptunium valence adjustment from neptunium (V) to neptunium (IV) 
at high temperatures. The ascorbic acid degradation product pre
cipitated in the feed tanks. However, the sludge which formed was 
soluble in 3.0 to 4.0M nitric acid. 

Filtrate Losses 

Table 2 shows filtrate losses for each precipitation test. 
Relatively higher filtrate losses were encountered for anionic 
precipitation conditions. Since total precipitation and digestion 
times were held constant, the higher filtrate losses are probably 
the result of a slow rate of dissociation of the anionic complex. 
Equilibrium solubility measurements show that filtrate losses of 
less than 10 mg/L would be expected if equilibrium was attained. 
Total precipitation time was one hour with 15 minutes digestion 
times. 

CONCLUSIONS 

The particle size of the neptunium (IV) oxalate precipitates 
is very sens1t1ve to· precipitation temperatures and concentrations 
of oxalic and nitric acids during precipitation. In general, 
larger particles were produced with precipitation temperatures in 
both vessels at 60°C. Anionic precipitation conditions reduced the 
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rate of prec1p1tation in the first stage precipita.tor ... a.nd·:~-:··· 
contributed to higher losses in the filtrates. Both effects are 
due to· the formation of. strong oxalat·e complexes. with neptunium. 
The nitric acid concentration in the neptunium (IV) nitrate. feed, 
solution should be at least 1. SM to prevent precipitation of the 
ascorbic acid degradation product in .the feed-tanks. The effect ~f 
residence time on particle size was. not statistically significant 
in these studies. The recommended conditions for optimum operatio~. 
of the two-stage precipitation system are summarized below: 

1. The temperature in the first and second stage precipitators 
should be 50 to 60°C during precipitation. 

2. Filtration temperature should. be at ambient. 
~··· ;' 

3. Th~ cuu~o:e(itfatiotl of nitric acid in the actinidw ftali!d shoul<:\ .h~ 
in the range of 1.5 to 3.0M. 

4. The concentration of oxalic acid used for precipttation- sh<?u~d .; 
b~ ···l.OM. 

5. The oxalic acid to nitric acid ratio ·in the first stage precip
. itator should be less than 0.005 during precipitation. 

6. The oxalic acid to nitric acid ratio in the second stage pre
cipitator should be in the range of 0.01 to 0.3 to minimize 
solubility losses. 

;. 
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TABLE 1 

Precipitation Screening Design 

Temp P1 [Np]f [HN03 ] Res. Time Temp P2 ~._.[H$C204]f 
Run 4fo Cc) (g/L) (M) (Min) Rs . · Cc> (M· 

R-1 22 10 3.5 . 2. 0 an1.on 60 0.9 

R-2 22 20 3.5· 7.0 anion 22 0.45 

R-3 . 60 20 .3.5 2.0 cation 22 0.9 

R-4 60 10 3.5 2.0 anion 22 0.45 

R-5 60 20 1.0 7.0 cation 22 0.45 

R-6 22 10 1.0 2.0 cation 22 0.45 

R-t· 60 10 1.0 .. '2. 0 cation 60 n.q 

R-8 22 10· 3.5 7.0 cation 22 0.9 

R-9 60 20 1.0 2.0 an1.on 60 0.45 

R-10 22 10 1.0 7.0 .. an1.on · bU · 0.45 

R-11 22 20 1.0 2.0 anion 22 0.9 

R-12 22 20 1.0 7 .• 0 cation 60 0.9 

R-13 60 10 3.5 7.0 cation 60 0.45 

R-14 60 20 3.5 7.0 anion 60 0.9 

R-15 22 20 3.5 2 .• 0 cation 60 0.45 

R-16 60 10 1.0 7.0 anion 22 0.9 
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TABLE 2 

Precipitation Conditions - ·screening Design Data 

·Flow Rates (mL/min) 
.Actinide Oxalic Adjustment ·Np in overflow Np Loss in Filtrate 

Run ff Stream Stream Stream (M)._ (mg/L) 

R-1 1.2 6.4 3.8 0.002 45.3* 

R-2 0.2 1.9 0.8 o;oo5 14.5* 

· R-3 6.3 1.1 1.9 0.004 12.0 

R...:4 0.8 7.0 2.8 0.034 80.2* 

R-5 1.5 0.5 0.1 0.016 19.0 

R-6 6.4 1.2 0.4 0.026 11.4 

R-7 6.9 0.7 0.2 0.034 27.6 

R-8 1.8 0.1 0.5 0.014 14.7 

R...;9 1.9 5.3 2.3 0.019 20.0* 

R-10 0.6 1.7 0.7 0.002 21.0* 

R-11 2.5 4.5 3.3 0.037 30~3* 

R-12 2.0 0.4 0.1 0.051 7.4 

R-13 1.8 0.4 0.9 0.003 8.4 

R-14 0.3 1.7 1.2 0.008 14.7* 

R-15 5.4 2.3 2.7 0.004 11.6 

R-16 0.8 1.3 0.9 0.009 53.7* 

* Anionic precipitation conditions·- higher losses due to slow dissociation 
of anionic complex. 
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TABLE 3 ~!·~- .~;· j ;~ 

Median and Mode for Nept~~ium Ox~ late~ a~d:Oxi~~s " 
.. · .. :'.:': -· .. . =~ ! _; . 

Oxalate Oxide Oxalate Oxide 
Mode Mode ., Median , Medi;:m·::-: 

Run fl (lJm) (lJm) (~m),. ( lJ.m) 
" 

R-1 16 .• 8 7.8 15.1 . 8.5 

R-2 16·.0 10.1 14.4 10. 2' . :· 

R-3 20.2 8.7 18.4 9·. 3 

R-4 . 16 ~Q .. 8.0 16 •. 3 8.6 

R-5 32!0' 10.9 29.8 11.2 

R-6 20.2 20.2 15. 7· 13.0 

R-7 40.3 10.1 38.'6. 12.7 

R-8 14.9 8.0 15.6 9.0 

R"'9 29.8 16.() 1.5. ':\' 13.5 

R-10 32.0 8.0 30·. ~. 9.2 

R-11 16.0 9.4 15.8' 8.9 

R-12 20.2 12.7 20.8 11.8 

R-13 25.4 12.7 28.1 12.7 

R-14 20.2 8.0 20.8 11.9 

R-15 16.0:, 6.3 1(>.8 7.9 ··,· 

R-16 12<. 7 6.3 13 .• 7 8.1 

f· 
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TABLE 4 

Particle Size Distribution Data for NeptuniUm Oxalate 
and Oxide 

Oxalate Oxide Oxalate Oxide 
Run. fj % <5 ~m % >30 ~m % <5 ~m % >20 ~m 

R-1 1.8 3.3 13.0 5.0 

R-2 6.7 0.0 10.0 8 .• 7 

R-3 3.7 14.7 13.3 8.0 

. R-.4 4.2 . 1.0 is .o . 2.2 

R-5 0.5 44.3 14.0 12.7 

R-6 5.7 4.0 17.0 27.0 

R-7 1.3 61.3 10.7 28.7 

R-8 2.2 3.0 11.0 8.0 

R-9 2.3 29.7 11.0 20.7 

R-10 2.7 46.7 12.3 12.0 

'R-11 1.7 3.0 12.0 1.7 

R-12 1.7 12.0 11.0. 12.7 . 

R-13 2.5 36.0 6.7 17.7 

R-14 1.2 27.7 14.3 4.3 

R-15 1.7 12.7 16.0 2.8 

R-16 3.3 4. 3 16.3 5.7 
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TABLE 5 

Analysis 

Oxalate 
Mode 

Oxalate 
Median 

Oxide 
Mode 

Oxide 
Median 

of the Mo.c!.e :an~ Med,i~~.pf .the J!~rticle, s.ize pi,.~~~ibutip~.: . ~;~ .. ~ . .. 

.· -· ... · ··;: 
'[H2C204 ]f Temp Pl [Np] f [HN03 ] f Res. Time Temp P2 

(oC) (g/L) (M) .. r(Min) 
.; Rs C. c) (M) 

~ ~ . 

5.5 -0.3 -6.5** 0.4 ·-3.1 8.0** .-3 .. 4 

MFE*. = 6.2 Average Mode Size = 22.5pm 

5.9** -1.4' < -5 .5**' 1.4 -4.1 7.0** ·-2.2 

MFE == 5.3 Averag_e Median Size = 20.9pm 

-0.15 0.34 -2.6 -0.9 -2.0 -0.17 -2.4 

MFE = 3.6 Average Mode· Size = 10.3pm 

1.2 0.4 -1.3 .0. 2 -1.1 1.3 -0.8 

Ml'E = 1.9 Average Median Size "" 10.4pm:- · 

* MFE is the m1n1mum factor effect at 90% confidence limits for 8 degrees 
of freedom 

** Statistically significant ··factor effects are denoted by- the double 
asterisk. 
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TABLE 6 . • ..... 

Analysis ·of the Va1'iables .. Affecting. the :ro.rmat ion ~f pines 

. Temp Pl [Np]f [HN03 ] f '· Res. Time Temp P2 [HzCz 0~t 1 f 
(oC) _(g/L') (M) (Min) ~s Cc> (M) . 

Oxalate 

% < 5.0 -0.7 -0.5 0.6 ..:o.2 0.6 -1.6** -1.2 
. ' 

MPE*= 1.56 Average % < 5 pm = 2.7% 

% > 30 16.7** -1.9 -13.3 5.6 -9.0 19. 3**· -5 .. 7 

M:rE = 13.6 , Average % > 30 pm.= 19 .• 0% 

Oxide 

% < 5.0 0 .·3 -0.4 -0.3. -1.99 0.9 -2.1 -0.4 

M:rE = 3.2 Average % < 5 pm = 12.9% 

% > 20 2.8 -4.3 -8 .1** -1.8 -7 .2** 3.7 -3.7 

MFE·= 6.6 Average % > 20 pm = 11.1% 

* MFE is the minimum factor effect at 90% confidence limits for 8 degrees 
of freedom 

** Statistically significant factor effects are denoted by the double 
asterisk. 
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TABLE 7 

Significant V~riabies Affect'ing Plating in Pl and Reaction Kinetics;· 

Plating 
in Pl 

Reaction 
Kinet ic·s 

0.0 

MFE* = 0.4 

-0.7** 

MFE = 1.48' 

[Np]£ 
.(g/L) 

0.3 

[HN03 ] f · lte s. Ti~e 
(M) (Min) 

0.0 0.0 -0.3 

Average response = 0.4 

1.5** 0.8 -1.4 -1.6** 

Average g/L/min loss = 1.3 g/L/min 

· Te'mp P2 
Cc) 

0.1 

-0.8** 

-0.4 

* MFE 1s the m1n1mum factor effect at 90% confidence limits for 8 degrees 
of froodom 

** Statistically significant factor effects are denoted by the double 
asterisk. 

. :· 
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FIGURE 1. Predicted Solubility of Neptunium (IV) Oxalate 
Using the Least-Squares Solubility Model 
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APPENDIX 1. DETERMINING FLOW RATIOS FOR. THE SEMi-CONTINUOUS 
PRECIPITATION SYSTEM 

Flow Ratio for the .First Stage Pr.ecipitator 

The stream designations for the .two-stage semi-continuous 
precipitation are given in Figure 1. The flow ratio for the first 
stage precipitator is determined as the ratio of the flow rate of 
the oxalic acid stream to the flow rate of the actinide stream. 
Thus the streams can be adjusted for any residence time or through
put rate. The flow ratio can be determined by substituting into 
the following design equations: 

where 

V 2A 
1 

A=. [H2 C204 ] 2 + 2[Np] 3 - 16Rs 1 [Np] 3
2 

B = [H2c2o4 ] 2 + 4[Np] 3 - 2[Np] 1 
C = -2([Np] 1-[Np] 3 ) + Rs 1([HN03 ] 1 + 4([Np]1 - [Np] 3 ) 2 

[Np] 1 Neptunium feed concentration 1n stream #1 

[HN03 ] 1 =Nitric acid concentration in the neptunium feed 

[H2 c2o4 ]2 Oxalic acid feed concentration to the first stage 
precipitator 

= Unprecipitated neptunium concentration 1n the overflow 
line 

[H2c2o4 ] 3 =Oxalic acid concentration 1n the overflow stream 

[HN03 ]3 = Nitric acid concentration 1n the overflow stream 

= Ratio of oxalic acid concentration to the 
concentration of nitric acid squared. This is the free 
oxalate ion concentration. 

Unprecipitated neptunium concentration in the second 
stage prec1p1tator. This may be a close to the 
equilibrium solubility value. 

Oxalic acid concentration to the second stage 
precipitator. This is the adjustment stream. 
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Flow Ratio for Adjustment Stream 

The flow ratio for the second stage ·adjustment stream is given 
as the ratio of the flow rate of the solubility adjustment stream 
to the flow rate of the act in ide.· Absolute flow rates may be 
determined by setting vessel capacity, residence time, or through
put rate. The flow ratio for the second stage adjustment stream 
can be determined by su~stituting 1n the following design 
equations: 

-- - --------------

where 

and 

v 
·3 

2A · 

A- ([H2 c2 o4 L~ "'2[Nplt+)- HiR02 [Npl 4
2 

B = ([H2C204 ]3 - 2[Np] 3 = 4[Np] 4 = [H2C2o4 ] 4 ) 

C = ([H2 C204 ] 3 - 2[Np] 3 + 2[Np] 4 ) 

- Rs2 ([HN03 ]3 + 4[NP] 3 - 4[Np]~)2 
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APPENDIX 2. TWO-LEVEL FACTORIAL DESIGNS 

Experimental Designs 

.Two-level facto,rial experimentat designs2 _permit estimation of 
the effects of several factors simultaneously. This· is accomplish
ed by mal.<ing experimental runs at .all. combinations .of "p" factors; 
with "2" levels per factor. These two:: level factorial experiments 
are easy to design and analyze, are readily adaptable to both 
continuous and discrete· factors, and provide , adequate prediction .. 
models for factor relationships that have ~o ·strong curvature 
(maximum or. minimum)· in the exp~rimental . region. For continuous 

.. va·riables,: the higher value is coded "+;' and the lower value coded 
"-" The coding ·for the sixteen run .fractional factorial screenii).g 
design used in the neptunium (IV) oxalate precipitation experiments· 
is given: in Table 2. · 

Use of these designs permits estimation of factor effects· 
more precisely than a.one~at-a-time testing because of the hidden 
replication included. Sysl:ematic. error is kept .to a minimum by 
replication of ·design· points and randomization of. the trails before 
running; 

If a computed factor effect is larger in absolute value than 
the "minimum significant factor effect," the experimenter can 
safely conclude that the true effect is nonzero. 

The computed tactor effects represent. the difference between 
response at the high and low levels of the factor. If the factor 
is divided by the difference of the high and low levels of the 
factors, the result will be the change in the response for a unit 
change in the factor. 

The model underlying the two-level factorial is of the form 

+ higher order interactions 

where 

y = preoicted response 
plating in the precipitators, 
first stag~ precipitator. 

for: particle size distributions, 
and extent of precipitation in the 
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Xj (factor level - (Hi + Lo)/2)(Hi - Lo)/2 

aj = (factor effect for xj)/2 

aij = (interaction effect for Xi, Xj)/2 

The fractional factorial screening design used in the 
neptunium (IV) oxalate precipitation experiments can be viewed as 
an estimate of the constant and linear terms of this general poly
nomial model of the precipitation system. The analysis of this 
type of screening design is simply multivariable linear regre.ssion. 

InterprP.tation of ~he Screening Design Analysis 

Th~ computQd f<"rtnr effects ;u~ r:he eucfficienta of o linAar 
wultiv'4i."iablc modol. If tliP sien of the computed factor ellect is 
negative for a given response: variable, the response decreases as 
the variable increases. In other words the response and the vari
able are inversely related. If the computed factor effect is 
positive, the respons~ and the variable are directly related. 

The magnitude of the computed factor effect compared with the 
"minimum factor effect" determines the leve.l of significance of the 
vari.able at a certain level of confidence. Thus, the analysis 
produces a relative ordering of significance among the variables. 
The results from screening designs are often used to design further 
experiments. 
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