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SEPARATION OF AMERICIUM, CURIUM,, AND RARE EARTHS FROM HIGH-LEVEL WASTES 
BY OXALATE'PRECIPITATION: EXPERIMENTS WITH SYNTHETIC WASTE,SOLUTIONS 

C. W. Forsberg 

ABSTRACT 

The separation of trivalent actinides and'rare earths 
from other fission products in high-level nuclear wastes 
by oxalate precipitation followed by ion exchange (OPIX) 
was experimentally investigated using synthetic wastes and 
a small-scale, continuous-flow oxalic acid prec,ipitation 
and solid-liquid separation system. Trivalent actinide 
and rare earth oxalates are relatively insoluble in 0.5 to 
1.0 g HNO3 whereas other fission product oxalates are not. 
The continuous-flow system consisted of one or two stirred- 
tank reactors in series for crystal growth. 0xalic.acid- 
and waste solutions were mixed in the first tank, with the 
product solid-liquid slurry leaving the second tank. 
Solid-liquid separation was tested by filters and by a 
gravity settler. The experiments determined the fraction 
of rare earths precipitated and separated from synthetic 
waste streams as a function of number of reactors, system 
temperature, oxalic acid concentration, liquid residence 
time in the process, power input to the stirred-tank 
reactors, and method of solid-liquid separation. The 
crystalline precipitate was characterized with respect to 
form, size, and chemical composition. These experiments 
are only the first s.tep in converting a proposed chemical 
flowsheet into a process flowsheet suitable for large-scale 
remote operations at high activity levels. 

1. SUMMARY 

The separation of trivalent actinides and lanthanides from synthetic 

high-level wastes (HLW) by precipitation with oxalic acid was investigated 

using continuous-flow equipment. This process is one step in a multistep 

process to remove all actinides from HLW and hence reduce the potential 

long-term risks associated with geological isolation of these wastes. 

The experiments were an initial effort to develop methods that will per- 

mit the remote use of the OPIX process in a large-scale facility at high 

activity levels. 



I n  t h e  OPIX ( o x a l a t e  p r e c i p i t a t i o n  followed by ion  exchange) process ,  

t h e  HLW s o l u t i o n  from a Purex-type reprocess ing  p l a n t  and a  pure o x a l i c  

a c i d  s o l u t i o n  f low independent ly i n t o  t h e  f i r s t  of one o r  more s t i r r e d -  

tank  r e a c t o r s  (STRs) i n  s e r i e s .  The r a r e  e a r t h s  and t r i v a l e n t  a c t i n i d e s  

combine wi th  t h e  o x a l a t e  i o n  t o  produce i n s o l u b l e  o x a l a t e  c r y s t a l s .  

The p r e c i p i t a t e d  r a r e  e a r t h s  and a c t i n i d e s  (about 1% of the  volume of 

l i q u i d )  a r e  removed by a  s o l i d - l i q u i d  s e p a r a t i o n  device.  Residual  tri-  

v a l e n t  a c t i n i d e s  (about 10% of t h e  t o t a l )  a r e  removed from t h e  motJher 

l i q u o r  by ion  exchange; however, t h i s  p a r t  of t h e  process  was no t  t e s t e d  

i n  t h e  experimental  work r epor t ed  here.  

The fo l lowing  experimental: variables were inveo t i g a t e d  : nunlber of 

STRs (one o r  two),  l i q u i d  r e s idence  time per  r e a c t o r  (15 t o  40 min), 

system tempera ture  (25 t o  50°C), f i n a l  concentrat5on of o x a l i c  a c i d  

waste  (0.2 t o  0 .3  M) , energy inpu t  t o  s t i r r e r  (0.02 t o  0.18 W l l i t e r )  , 
and method of s o l i d - l i q u i d  sepa ra t ion .  Product y i e l d s  va r i ed  from 4G t o  

92%. The b e s t  set of ope ra t ing  cond i t i ons  wi th in  t h e  range of v a r i a b l e s  

i n v e s t i g a t e d  was two STRs i n  s e r i e s ;  l i q u i d  res idence  time per  r e a c t o r ,  

240 min; ope ra t ing  tempera ture ,  125OC; and o x a l i c  a c i d  feed  concent ra t ion ,  

20.45 - M, y i e l d i n g  a  f i n a l  s o l u t i o n  concen t r a t ion  10.3 g. The s t i r r e r  

speed of STR No. 1 d i d  n o t  a f f e c t  t h e  product y i e l d  s i g n i f i c a n t l y ,  bu t  

h ighe r  s t i r r e r  speeds (0.18 W l l i t e r )  were d e s i r a b l e  f o r  STR Nn. 2 .  

A l ~ h u u g h  s o l i d - l i q u i d  s e p a r a t i o n  by s e t t l i n g  was no t  ~ a t i s f ~ r t ~ r ~ ' ,  

e f f i c i e n t  s e p a r a t i o n s  were obta ined  by f i l t r a t i o n .  Product y i e l d s  

(def ined  a s  t h e  percent  of t h e  r a r e  e a r t h s  i n . t h e  feed c o l l e c t e d  a s  a  

s o l i d )  v a r i e d  from 90 t o  92% a f t e r  pass ing  through 12-, 5-, and 1-pm 

f i l c e r s  i n  s e r i e s .  P a r t i c l e - s i z e  d i s t r i b u t i o n s  and o t h e r  observa t ions  

sugges t  t h a t  t h e  optimum s o l i d - l i q u i d  sepa ra t ion  device  f o r  a  f u l l - s c a l e  

p l a n t  may be a  cont inuous c e n t r i f u g e ,  a l though f i l t e r s  y i e l d  e x c e l l e n t  

r e s u l t s .  It W B S  no t  determined whether Li1Lrateo contained p a r ~ l c l e s .  

t h a t  were l e s s  than  1 pm i n  diameter .  

Chemical a n a l y s i s  revea led  t h a t ,  i n  a d d i t i o n  t o  t h e  r a r e  e a r t h s ,  

t h e  p r e c i p i t a t e  contained t h e  fo l lowing  percentages .of t h e  feed  ~ o l u t i o n  

elements:  barium, 0.6%; s t ront ium,  1.3%; ruthenium, 1%; molybdenum, 

0.2%; and zirconium, 5.2%. 



From t h i s  i n i t i a l  experimental  d a t a  i t  appears  t h a t  a continuous 

process  can be  developed f o r  use  i n  l a rge - sca l e ,  r a d i o a c t i v e  ope ra t ions  

i n  which o x a l a t e  p r e c i p i t a t i o n  is  used t o  remove t h e  bulk of t h e  t r i v a l e n t  

a c t i n i d e s  and r a r e  e a r t h s  from HLW a s  p a r t  of t h e  OPIX process .  
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2. INTRODUCTION 

The purpose of this study was to determine the feasibility of 

continuously carrying out the oxalate precipitation step in the OPIX 

process using nonradioactive synthetic waste solutions. This study 

represents the first step of an evaluation of the adaptability of con- 

tinuous oxalate precipitation to fully remote processing. Specific 

objectives of the experimental investigation were (1) to select the most 

promising type of continuous precipitation equipment, based on process 

requirements, and test if in potentially feasible precess confi~uratio~s 

(P.e., single or muult~gle iini-ts) , and (2) LO determine the yield and 

purity of the oxalate precipitate in terms of b ~ ~ h  equj.pmant and chemical 

parameters. 

Although the intense radiation associated with HLW (Fig. 1) is also 

expected to have significant effects, it is first necessary to demonstrate 

that the continuous precipitation concept is basically sound. Important 

effects expected from the intense radiation are generation of heat within 

the precipitate and conversion of oxalate ions to gaseous C02 and H20. 

This work was carried out as part of a program on thc evaluatfon of 

the technical feasibility of partitioning and transmutation as a waste 
1 management concept. In this waste management roncept, actinides (and 

perhaps other long-lived radionuclides such as 29~) are removed from 

waste streams and then are transmuted (by neutron capture or fissioning) 

to shorter-lived radionuclides. The purpose of partitioning and transmu- 

tation is to reduce the potential risks associated with the long-term 

(>500-year) geologic isolation of nuclear wastes and has been discussed 

in detail by several investigators. Oxalate precipitation is only one 

step in the overall flowsheet for removing actinides from wastes, and 

only those portions of thc flowvl~eet which are necessary to the under- 

standing of the 0PIX.chemistry and operations will be reported here. 

In the conceptual flowsheet,for actinide partitioning and transmu- 

tation (Fig. 2), the Purex process is modified to give improved recoveries 

of uranium and plutonium from spent fuel and to also recover neptunium. 

In conventional reprocessing using Purex, about 99.5% of the uranium and 

plutonium are recovered, whereas the neptunium, americium, curium, and 



1 2 3 5 7 10 20 30 50 70, 100 200 300 
DECAY TIME (years) 

Fig.  1. Thermal power of HLW from conventional  reprocess ing  of 
LWR f u e l .  Source: W. D. Bond and R. E. Leuze, FeasibiZiQj Studies of 
.the ~ a r t i t i m o f  Comercia2 High-Level Waste Generated i n  Spent Fuel 
Reprocessing: Annual Progress Report PY-1974, ORNL-5012 (January 1 9 7 5 ) .  
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higher actinides are rejected to the HLW. Chemical feasibility studies 1-4 

indicate that perhaps as much as 99.99% of the uranium and plutonium and 

95% of the neptunium may be recovered in a modified Purex process. The 

HLW from the Purex plant contains essentially all of the americium, 

curium, and higher actinides. The OPIX process5-7 is a candidate for 

use in the recovery of americium and curium from this waste. The OPIX 

process will separate the trivalent actinides and lanthanide elements 

from the other elements present in the HLW and will eliminate certain 

fission product elements, such as zirconium, which would interfere in 

the subsequent cation exchange chromatographic (CEC) process that is used 

to separate lanthanide from trivalent actinide elements. Chemical feasi- 

bility ~tudiesl-~ have indicated that it may also be possible to recover 

99.9% of the americium and curium. 

A conceptual materials balance f lowsheet ' for the OPIX process is 

shown in Fig. 3. The process consists of the following.four basic 

operations: 

1. precipitation of. trivalent lanthanide and actinide oxalates 

with oxalic acid, 

2 .  separation of a concentrated slurry of the oxalates from the 

mother liquor, 

3. recovery of any residual actinides and lanthanides from the 

mother liquor using cation exchange resin, and 

4. conversions of the oxalate slurry and the ion exchange product 

to solutions of nitrate salts in 0.5 M HNO3, which can then 
be used as feed solutions to the CEC process. 

Only the first two operations were investigated in this study. 

The chemical feasibility of removing triva1en.t actinides and lan- 

thanides by the OPIX process has already been demonstrated in batch 

laboratory-scale experiments with synthetic solutions and with real 

waste solutions. 5-7 Using very small samples of irradiated LWR fuel, 

D. 0. Campbell showed that good recoveries are obtained in the oxalate 

precipitation step (Table 1). The OPIX process requires considerably 

less ion exchange resin than an all ion exchange process.4 In addition 

cu the ion exchange equivalents which are eliminated by the precipitation 
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of the lanthanides and actinides, elements such as zirconium are 

strongly complexed by oxalate and are poorly sorbed by the cation resin. 

Oxalate precipitation not only reduces the amount of resin required,but 

also reduces the amount of resin damaged by radiation. 

Table 1. Hot cell results of actinide-lanthanide a precipitation by oxalic acid . , 

. . 

Element 
Percent 
in liquor 

Percent 
precipitated 

. " ~ i ~ h  yields wcre difficult to measure; accuracy pf yields may be 
23'0%. 



3. EXPERIMENTAL 

3.1' Precipitation and Crystallization Equipment 

A stirred-tank reactor (STR) was used to carry out the precipitation 

and the subsequent growth of crystals. Industrial-type precipitator- 

crystallizers8 were considered but were rejected because: 

1. In industrial crystallizers, residence time of crystals (and 

hence crystal growth) is controlled by suspending the crystals in super- 

saturated liquid upflnw through an incrcasil~s diarnet~y tube. Thr  l i r ~ u u ,  

liquid velocity prnftle in thc vertical tube is adjusted so that the 

large crystals settle out in the smallest diameter (highest linear velocity) 

section at the bottom of the tube, whereas the smaller particles remain 

suspended in the upper portions of the tube until sufficient crystal 

growth has been achieved. The author deemed this type of apparatus 

unsuitable in high radiation fields because gaseous C02 produced by the 

radiation is estimated to cause convective currents and make the operation 

of such devices questionable. 

2. Heat and mass transfer are exper.t.~d to be olow in such a 

crystallization arrangement and would require a longer residence time 

than in a stirred system. The longer residence time would permit greater 

quantiefes of oxalate ions 'to be decomposed by radiation. 

Stirred-tank reactors have an additional advantage in that a con- 

siderable amount of literature is available on ways to scale up small 

equipment to large equipment. Several STRs may be operated in series. 

The STR vessels and the impellers used in this study are shown in 

Fig .  4 .  The tanks contained four baffles each, and impellers were six- 

bladed. The ratios of vessel height and diaue~er were chosen to corre- 

spond to those reported in tlle literature so that scale-up using 

known methods can be carried out if desired. If mass transfer is 

assumed to control system performance, geometrically equivalent scale-up 

to larger equipment having the same power input per unit Volume of liquid 

should yield identical results. Although the maximum volume of the tanks 

was approximately 1.6 liters, precipitations were always carried out with 

the tanks filled to the 1-liter mark. 



ORNL DWQ 78-5101R2 

SHAFT, 3/8" DlAM 
8 7/16" LG. 

CLASSICAL DESIGN 

A = (0 .5 )  D 
B = (0 .5 ) (0 .7 )  D 
C = (0 .5 ) (0 .251  D 

'BLADES, 9/16" x 7/16 

PLATE, 1 1/2" DlAM 

STIRRED TANK REACTOR I M P E L L E R  

Fig. 4. Stirring impeller and STR. 



3.2 Solid-Liquid Separations 

Solid-liquid separations were investigated by both gravity settling 

and filtration. 

A settler with a conical-shaped bottom was used to collect solids 

(Fig. 5). The slurry entered the settler near its midpoint, and liquid 

was separated by overflow. The cross section of the settler cou1.d be 

cl~anged by placing various-sized glass rods in the middle of t;he sef.rler. 

Although the settler was wrapped with insulating material, thermal con- 

vection still caused some difficulty. The problem was somewhat alleviated, 

though not eliminated, by heating the top o f  the settler with a heat lamp 

and by air cooling the bottom section of the settler. This created a 

thermal gradient of about 8°C between the bottom and top of the settler. 

3.2.2 Filtration 

Solid-liquid separations by filtration were tested with the iise of 

three nucleopore filters.in series (12, 5, and 1 pm pore disrn). The 

amount of precipitate on each filter was meaou~ed. Filtrafioa experiments 

were carried out after settling tests were completed. About 50 to 100 ml 

of slurry from the last STR was diverted to the series of filters, 

Although the~nucleopore filters are unsuitable for filtration of 

highly radioactive solids, they were used in thin otudy for. ~:ul~venience. 

ff filtratioi~ is to be used for highly radioactive solids, etched disk 

filters9 should be substituted because they can be thermally cooled and 

can be made of any desired material. These filters, which are w e d  at 

nuclear power stations, are currently available in pore dia~ueters of 

5 and 12 um. 
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3.3 Experimental Flowsheet and Process Parameters 

Two experimental flowsheets were employed so that the use of one 

STR (Fig. 6) could be compared with that of two STRs in series (Fig. 7). 

More detailed drawings of the various pieces of equipment are shown in 

Appendix A. The following four variables over the ranges indicated were 

studied in each experimental flowsheet: 

1. oxalic acid concentration (0.2 to 0.3 - M), 
2. temperature (25 to 50°C), 

3. degree of mixing (125 fo 250 rpm), and 

4. residence time (15 to 40 min) . 
The stirrer speeds of 125 and 250 rpm correspond to power inputs of 

0.02 to 0.17 W/liter respectively. The lower power level corresponds to 

the experimentally determined minimum power necessary to suspend the 

oxalate precipitate, and the higher level corresponds to the level just 

below the point at which air entrainment is caused by the stirrer action. 

Conversions from the measured variable, stirrer rotation rate, to power 

input were performed by previously reported methods. 10-19 

Concentrations of oxalic acid during precipitation and crystal 

growth in the STRs were changed by varying the flw ratio of oxalic acid 

solution to synthetic waste solutions while mafntaining the nitric acid 

concentration at 0.88 M. To achieve the desired oxalic acid concentra- 

tion in the STRs, the concentration of input H2C2O4 was varied from 

0.31 to 0.45 N. Residence time could be changed for a fixed flow ratio 

by varying the combined flow rates of the input streams. 

The composition of the synthetic waste that was used in all experi- 

ments is shown in Table 2. This waste is expected to be chemically 

fsidlar to the HLW from a Furex plant reprocessing 30,000 MWd/tonne LWR 

fuel with no plutonium recycle.) In a few experiments ruthenium was 

omitted from the waste because of the limited supply of ruthenium nitrate. 
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Table 2. Synthetic waste solution composition 

Amount 
(g/liter) 

Lanthanides 

Lanthanum 
Cerium 
Praseodymium 
Neodymium 
Samarium 
Europium 
Gadolinium 
~ ~ s ~ r o s i u m  
Holmium 
Erbium 

Group VIIIB 

Ruthenium 
Rhodium 
Palladium 

Group IA 

Rub id ium 
Cesium 

Group IIA 

Strontium 
Barium 

Others 

Zirconium 
Indium 
Yttrium 
Silver 
Cadmium 
Arsenic 
Antimony 
Molybdenum 
Selenium 
Tellurium 
Tin 

a Elements in solution of 2.5 M FINO3. 

Source: W. D. Bond and R. E. Leuze, Feasibi.Zity Studies of 
the Partitioning of CommerciaZ High-Level Waste Generated in Spent 
FueZ Reprocessing: AnnuaZ Progress Report FY-1974, ORNL-5012 
(January 1975). 



3 . 4  Analytical Determination of Precipitate Yield 

The yield of trivalent actinides and lanthanides in the oxalate 

precipitate was estimated by measuring the concentration of 142~r in the 

input and output liquid streams of the process. Because praseodymium 

oxalate is slightly more soluble than either americium and curium 

oxalates, it should give conservative estimates of the yields of americium 

and curium. Furthermore, 142~r (t = 19.2 hr, 1.6-MeV y) is a very con- + 
venient tracer isotope. When steady-state conditions had been reached 

(as indicated by an on-line gamma ray detector used to monitor the input 

feed stream and output clarified liquor streams), 5-ml sarnple~ of thc 

input and output streams were withdrawn and counted using a Searle auto- 

matic gamma counter (Model 1185) to obtain highly accurate counting data. 

3.5 Chemical Analyses of Precipitates and Supernatant Liquids 

Samples were analyzed by spark source mass spectrometry by.the 

Analytical Chemistry Division. The relative amounts of each element 

present were determined as abundance ratios. The abundance ratio is 

defined as the ratio of the mass of any given element X to the mass of 

any conveniently chosen standard element. The standard element may be 

a nirrul cul~stlturnc of the sample or it may be deliberately added in 

known quantity.   he abundance ratio of the standard element is unity 
by definition. In this study, praseodymium and barium were chosen as the 

the standard elements for abundance ratio determinations of the various 

elements in precipitate and liquid samples respectively. Since these 

elements were already present in the synthetic waste, percentages of 

any given element that precipitated or that remained in solution with 

respect to the standard clement could bc catimatcd by t l ~ u  Lollowing 

equation : 

x 100 , percent yield of element X = - 
ARm 

where AR and mm are the abundance ratios of element X in the test 
xs 

sample and in the original synthetic waste solution respectively. Because 



barium and praseodymium are standard elements, their percent yield calcu- 

lated by E q .  (1) is always 100%. Corrected values for percent yield of 

an element could be calculated by multiplying the value obtained from 

E q .  (1) by the measured yield of the reference element (praseodymium or 

barium). The abundance ratios of the various elements in the original 

synthetic waste solution were determined each time a new set of experi- 

mental samples of precipitates and liquids were tested. This procedure 

minimized errors in analytical procedure and served as a check on 

instrument calibration. 

Praseodymium was chosen as the standard element for precipitate 

samples because a high percentage was expected to precipitate in the 

experimental runs and because its yield was also being determined by the 

142~r tracer method (Sect. 2.4). Barium was chosen as the standard for 

liquid samples because very little was expected to precipitate. In 

addition, barium and praseodymium are two of the more abundant elements 

in synthetic waste (Table 2) and hence are detected readily. 



4. EXPERIMENTAL RESULTS AND ANALYSIS OF DATA 

The experimental results were analyzed using a factorial method and 

a linear regression method. In these analyses, an attempt was made to 

numerically correlate the yield of oxalate precipitate to the statistically 

significant process variables. Correlations obtained from the numeri.ca1 

methods were, in most cases, in general agreement with conclusions that 

could be drawn by visual inspection of the raw data. 

4.1 Experimental Results 

The product yields obtained under different chemical and operational 

condirions are shown in Table 3 for precipitations carried out using a 

single STR and in Table 4 for two STRs in series. It is apparent from 

the data that yield is greater with the use of two STRs in series,than 

with a single STR. Filtration was clearly superior to the gravity settler 

for separating the precipitate from the supernatant liquid. No attempt 

was made to determine if filtrates contained particles of precipitate 

that were less than 1 pm in diameter. The specific effects of the other 

variables are not quite as apparent as the use of one STR versus two in 

series. In general, increasing the oxalic acid cnnr.~nrration or the 

residence time increased the product yield, whereas increasing the tem- 

perature decreased product yield. These effects were expected because 

of mass action considerations and because lanthanide oxalate solubilities 

are known to increase with temperature. However, the improv~d yield with 

lower temperatures is contrary to what could be expected on the basis of 

mass transfer effects alone. Although effects of changes in mixing power 

cannot be clearly ascertained from the raw data, yields were generally 

increased by using either the longer residenca fimee and the lnwcr mixing 

powers or by using the higher mixing powers at any of the residence times 

tested. 

The highest and lowest yields of precipitate obtained in runs with 

two STRs in series are given in Table 5. These results support our 

qualitative observations about the effects of variables in that the best 

yields occurred at the highest oxalic acid concentrations, highest mixing 



Table 3. Experimental conditions and product yields for the continuous precipitation 
of rare earth oxalates using one STR 

Liquid residence Eeactor Oxalic acid Product yield (%) 
Experiment time per reactor tenperature concentration in STR Mixing power Settler 12-pm 5-pm 1-pm 
number bin> ("c> (El (Wlliter) filter filter filter 



Table 4. Ex~erimental conditions and product yields for the continuo~s ~recipitation 
of rare earth oxalates using two ST- in series 

Operat inq; conditions Product yield (%) 
Liquid Reactor Dxaldc acid Mixixg power Mixin,g power STR No. T STF. No. 2 
residence t2mperature csncentration of STR No. 1 of STX No. 2 12-(rm 5-pm I -  12-pm 5-pm l-um Settler 
time per ('0 in STR IWIliter) (W/liter) filter filter filte: filter filter filter 

Experiment reactor (3) 
number (dn) 



Table 5. Experimental conditions at which the highest 
and.lowest yields of precipitate were obtained 

using two STRs in series 

Highest yield Lowest yield 

Experimental conditions 

Residence time per reactor, min 

Mixing power, W/liter 

STR No. 1 

STR No. 2 

Temperature,' O C  

0xalic acid concentration, - M 

Product yield, % 

Settler 

Filtration 

12-urn filter 

5-pm filter 

1-pm filter 



power i n p u t s ,  and l o n g e s t  r e s idence  times. It seems c l e a r  from t h e  raw 

d a t a  (Tables  3 and 4)  t h a t  up t o  about 90% recovery of t h e  l an than ide  

o x a l a t e s  can be accomplished us ing  two STRs i n  s e r i e s .  However, t h e  h igh  

y i e l d s  obta ined  wi th  two STRs i s  i n  p a r t  a n . e f f e c t  of res idence  time 

because t o t a l  r e s idence  t i m e s  were gene ra l ly  h ighe r  i n  t h e  two-tank system. 

I n  an  a c t u a l  process ,  c e n t r i f u g a t i o n  would be t h e  p r e f e r r e d  method of 

s e p a r a t i n g  t h e  p r e c i p i t a t e  because a s i g n i f i c a n t  f r a c t i o n  of t h e  p rec ip i -  

ta te  p a r t i c l e s  ( o r  agglomerates)  a r e  l e s s  than  12 pm i n  diameter .  

Because t h e s e  were t h e  f i r s t  experi.ments performed wi th  c ~ r ~ t i n u o t i s  

o x a l a t e  p r e c i p i t a t i o n ,  a d d i t j o n a l  work ohould r e s u l t  i n  a n r e  accu ra t e  

r e s u l t s  and a better iinclerstandbng of process va r i ab le s .  A f u l l y  developed 

p roces s  should provide  a h igh  assurance  of meeting s e p a r a t i o n  goa l s  without  

be ing  unduly s e n s i t i v e  t o  process  v a r i a b l e s .  

Elemental a n a l y s e s  of ' t h e  o x a l a t e  p r e c i p i t a t e s  and t h e  superna tan t  

l i q u i d s  were i a d e  us ing  t h e  s p a r k  source  mass spec t rographic  method 

(Sec t .  3.5) i n  a t t e m p t s  t o  (1)  e s t a b l i s h  t h e  p u r i t y  of t h e  r a r e  e a r t h  

o x a l a t e  p r e c i p i t a t e  and (2.) o b t a i n  a mass ba lance  of f i s s ' i on  products  i n  

t h e  p r e c i p i t a t i o n  s t e p .  R e s u l t s  a r e  shown i n  Tables  6 and 7.  P r e c i p i t a t e s  

were n o t  washed p r i o r  t o  t h e i r  a n a l y s i s ,  The d ~ g r e e  of p r c c i p i t a t i u l ~  uf 

r a r e  e a r t h s  from t h e  o r i g i n a l  s l u r r i e s  ranged from 50 t o  85%. There were 

problems i n  ana lyz ing  l i q u i d  samples. Values ohta ined  from l i q u i d  s m p l e s  

(Table 6 )  f o r  e lements  o t h e r  than  t h e  major r a r e  e a r t h s  wers tou hlgh. 

For example, q u a n t i t i e s  of  elements such a s  zirconium, molybdenum, and 

ruthenium were measured t o  be about 200% g r e a t e r  than  i n  t h e  o r i g i n a l  

wasLr. A l l  y i e l d  v a l u e s .  ob ta ined  f o r  t r a c e  elements (Table 7)  i n  t h e  

p r e c i p i t a t e  (antimony, t i n ,  indium, and minor r a r e  e a r t h s )  have l a r g e  

uncertainties a s s o c i a t e d  w i t h  them. These u n c e r t a i n t i e s  a r e  l a r g e r  than 

t h e  measured s tandard  d e v i a t i o n  shown due t o  d i I L i c u l c l e s  i n  equipment 

c a l i b r a t i o n  f o r  t r a c e  e l e r n e n t ~  i n  t h e  presence of bulk q u a n t i t i e s  of 

c e r t a i n  r a r e  e a r t h s .  For t h e  unwashed p r e c i p i t a t e ,  t h e  fol lowing 

approximate amounts (percent  of o ,r iginal '  waste s o l u t i o n  b a s i s )  of con- 

taminants  a r e  p re sen t :  

Z r 5 t o  8% 

Ba, S r ,  Ru, C s ,  Pd 0 .5  t o  1.5% 

Ru, Rh, Mo 0 . 1  t o  0.5% 



Table 6. Percentages of synthetic waste elements found in the 
oxalate precipitate and in the liquid phases of the single-STR system 

Liquid associated Liquid from 1-pm 
Precipitate from settler with settler precipitate filter system 

Element ( x ) ~  (%la (%la 

b Praseodymium 100.0 10.. 31 + 9.96 6.097 + 2.494 

Europium 108.4 + 17.2 7.990 + 4.119 26.62 -1 17.15' 

Neodymium 113.3 + 9.1 5.807 + 2.188 5.402 + 2.812 

Barium 0.5925 -1 0.2698 100. ob 100.0 b 

Strontium 1.266 -1 0.703 106.7 2 13.1 153.9 + 16.5 

Ruthenium 0.1350 + 0.0469 149.5 + 29.7 233.2 F 58.0 

Molybdenum 0.2375 + 0.0948 141.7 -1 23.5 225.2 + 56.4 

Zirconium 5.203 + 2.148 131.8 +_ 32.1 229.0 + 48.3 
-- 

a Percentages are based on the total quantity of that element originally present in the 
synthstic waste (see Sect. 2.5). Percentage listed is the average of several measurements 
+ the standard deviation. 

b Percentages are relativs to praseodymium in the precipitate and barium in the liquid; that 
is, it is assumed that ?raseodymium precipitation is complete and that no barium precipitates. 

C Only three samples rathlr than the usual eight samples. 



Table 7. Chemical analysis of solid precipitate collected 
from experiments employing two STRs in series 

Synthetic waste a Percentage yields solution composition 
Element (%I (glliter) 

Lanthanides 

Lanthanum 
Cerium 
Praseodymium b 

Neodymiunl 
Samari.11m 
Ell1 l l~Jf , l - I ! ! !  

Gadolinium 
Dysprosium 
Holmium 

G~OU~'VIIIB 

Ruthenium 0.121 + 0.008 
Rhodium 0.394 + 0,159 
Palladium 1.00 1 0.33 

Group IIA 

Strontium 
Barium 

Group IA 

Rubidium 
Cesium 

Others 

Tellurium 
Antimony 
Tin 
Indium 
Cadmium 
Molybdenum 
Zirconium 
Yttrium 

a 
Average + the standard deviation of the percentage. 

b13y definition, the percentage yield of praseodymium is 100.0 
(see Sect. 3.5) and the standard deviation is zero. 



The yield of yttrium was high (%57%), but this was expected because 

yttrium is similar in precipitation behavior to the rare earth elements. 

Further work needs to be carried out using ac,tual HLW solutions so that 

radiochemical methods can be used to accurately determine contaminants. 

Descriptions of the individual samples taken in this study and their 

analyses are given in Appendix B. Use of either 1 or 2 STRs resulted in 

no statistical differences in contaminant levels of precipitates obtained 

from experimental runs. 

4.2 Factorial Analyses and Results 

4.2.1 Description of method 

The decision to investigate rare earth product yield as a function 

of four independent variables, two process systems, and four solid-liquid 

separation devices implies an extremely large number of experiments and 

large amounts of data. With limited resources, a statistically designed 

experiment to maximize information and minimize experimental work was 

absolutely necessary; therefore, a half-factorial statistical design was 
20 chosen. , 

This type of experimental design assumes that over the range of 

variables to be investigated, the product yield Y can be written as follows 

for a system of four independent variables: 

where 

'i = constant to be determined, 

X. = value of variable - midrange value of variable i 
Z 0.5 x range of variable i 

With this definition, X. can vary from -1 to +l. For example, if 
Z 

temperature is to be investigated over the range 25 to 50°C, then 

vi - 37.5"C 
- - 

Xtemp 12.5OC ' 



where V is the value of the variable; X. is defined to simplify analysis i z 
of results. Because each Xi is allowed to vary over the same range of 

values, the 6;'s are a direct measure of the importance of any single 

variable compared to any other variables. Th= values of B allow direct 
comparison of the importance of any one variable to any other variable. 

In a full-factorial experiment, the high and low value of each 

variable would be used in the experiments to determine product yield. 

Consequently, 16 experiments would be necessary to determine the values 

of the 16 coefficients in Eq. (2). The methodology can best be visualized 

with an experiment having three rather than four variables. For a three- 

variable system, eight regular experiments (as represented by the corners 

of the cube in Fig. 8) plus two or more centerpoint experiments would have 

to be conducted. The centerpoint experiments are designed to estimate 

the statistical accuracy of the entire set of experiments. 

Because a full-factorial experiment implies such a large number of 

experiments, a half-factorial experiment was chosen. Here, only half 

the number of experiments are needed: eight for four variables and four 

for three variables, plus centerpoint experiments. Clearly, the values 

of 16 unknown B's cannot be determined experimentally with only eight 

experimental runs; however, if the eight runs are chosen carefully, the 

values of certain combinations of B's can be determined. For example, 

if the experiments for four variables are chosen similarly to those for 

three variables, as shown by the dots in Fig. 8, the following eight 

combinations of 6's can be determined: 

It is here that the power of the factorial experiment is evident. For 

example, we can determine 2(B1 + B2,3,4). The corresponding variables 
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for these B's are X1 and X2X3X4; however, X1 and X2X3X4 can only vary 

between -1 and +l. In any reasonably behaved system, it is extremely 

unlikely that the third-order cross term B2,3,4X2X3X4 is more important 

than the first-order term PIX1. It is reasonable, therefore, to assume 

that 2(B1 + B2,3,4) is approximately equal to 281 and that B2,3,4 is 
small compared to B1. In effect, an estimate of B1 free of second-order 
X1 terms has been determined. Equally important, this estimate of B1 
estimates the effect of X1 on product yields under a wide range of values 

of X2, X3, and Xq; that is, B1 estimates average effects of X1 on product 

yield over the range of all other variables investigated. 

With this type of experiment, terms siirh as 2(fa1,2 + B3,4) are mare 
difficult to interpret. A low value could imply either that both tenns 

are near zero or that one term is positive and the other is negative. 

In real systems, physical knowledge of the system can often show that 

either the X1X2 or X3X4 term is not physically realistic; hence, either 

81,2 or B3,4 is zero. 

4.2.2 Results of the factorial analyses 

Tables 8, 9, and 10 report the. pxpe,rimentally dctcrmined values "1 

Bi, error limits, definitions of X and ranges of the variables for i * 
three systems and four solid-liquid separations per system. Table 8 lists 

the product yield values of 6 for the single-STR system. Tablc 9 shows 

values of B based on product yields from the first STR of the two-STR 
system, and Table 10 shows values from the second STR of the two-STR 

system. 

The following experimental conclusions are evident from examination 

of the values of B in these tables: i 
1. Increased system temperature decreases product yield. In the 

single-STR experiments (Table 8), the system temperature was varied from 

25 to 50°C. In all cases for all liquid-solid separation devices, the 

temperature coefficient of product yield, 2(B2 + B1,3,4), is negative, 
implying that lower temperatures produce higher yields. 

2. Increasing the amount of time the slurry spends in each STR 

improves product yield. In Table 10, which illustrates this point well, 



Table 8. Values of 6 for single-STR system 

Variable Variable definition Low value High value 

x1 (v1) Time (min) 15 30 

x2 (v2) Temperature ( O C )  25 5 0 

x3 (v3) Rotor speed (Wlliter) 2.1 x lo-2 1.7 x lo-' 

x4 (Vq) Oxalate concentration (M) 0.196 0.285 

Method of solid-liquid separation 
8 (%I Settling tank 12-pm filter 5-pm filter 1-pm filter 

90% confidence limit 

95% confidence limit 

99% conf i.dence limit 



Table 9. Values of 8 for first STR of two-STR system 

Variable Variable def ini tiona Low value High vaiue 

x1 (v1) Time (min) 20 40 

x2 (v2) Rotor speed STR No. 1 (W/liter) 2.1 x 1.7 x 10-1 

x 3  ( V 3 )  Rntor speed STR No. 2 (W/llter) 2.1 x 1nW2 1.7 ~r lo-' 

x4 (v4) Oxalaf e, concentration (g) 0.196 0.285 

Method of solid-liquid separation 
12-pm filter 5-pm filter 1-pm filter 

95% confidence limit k6.3 k3.3 24.5 

99% confidence limit +lh .= l  17.5 k lU.3 

. . ...~ 

a 
All runs were conducted at %35OC.  



Table 10. Values of B for second STR of two-STR system 

Variable definition a Variable Low value High value 

xl (Vl) Time (min) 2 0 4 0 

x2 (v2) Rotor speed STR No. 1' (W/liter) 2.1 x 1.7 x 10-I 

x3 (v3) Rotor speed STR No. 2 (W/liter) 2.1 x 1.7 x lo-' 

x4 (v4) Concentration (COOH) (g) 0.196 0.285 

Method of solid-liquid separation 
B (%) Settling tank 12-pm filter 5-pm filter 1-pm,filter 

90% confidence limit 23.7 22.7 21.6 21.9 

95% confidence limit 25.5 24.0 22.3 22.8 

99% confidence limit 212.7 2 9.2 .+5.4 26.4 

a All runs were conducted at ~35'C. 



t h e  r e a c t o r  r e s i d e n c e  time c o e f f i c i e n t ,  2(B1 + B2,3,4),  v a r i e s  from 16.0% 

f o r  s e t t l e r  s o l i d - l i q u i d  s e p a r a t i o n  t o  8.5% f o r  1-pm f i l t e r  so l id - l i qu id  

s e p a r a t i o n .  Th i s  improvement i n  y i e l d  r e s u l t s  from doubling t h e  r e a c t o r  

r e s i d e n c e  time (from 20 t o  40 min). The smal le r  improvement i n  product 

y i e l d  f o r  t h e  h ighe r  performance 1-pm f i l t e r  i s  expected because a f t e r  an  

i n i t i a l  c r y s t a l l i z a t i o n  pe r iod ,  longer  r e s idence  times a i d  i n  growing 

l a r g e r  c r y s t a l s  bu t  do no t  s i g n i f i c a n t l y  change t h e  t o t a l  weight of a l l  

p r e c i p i t a t e s  i n  t h e  s l u r r y .  The 1-pm f i l t e r  ca t ches  most of t h e  p r e c i p i -  

tate. The s e t t l e r ,  however, r e q u i r e s  longer  time^ for l a r g e r  c r y s t a l s  

t o  form. Note t h a t  due t o  r a d i a t i o n  damage cons ide ra t ions ,  i t  may no t  

always he feasible t o  go t o  Longor rco idcnce  times. 

3. I n  a  two-tank system, t h e  s t i r r e r  speed (power inpu t )  i n t o  t h e  

f i r s t  STR does n o t  s i g n i f i c a n t l y  a f f e c t  product y i e l d .  I n  Table 9 ,  

2(B2 + B1,3,4) e s t i m a t e s  t h e  importance of s t i r r e r  speed on product y i e l d .  

A t  t h e  90% confidence l e v e l ,  t h e  e f f e c t  of s t i r r e r  speed on product y i e l d  

v a r i e s  from 2.7 + 4.3% f o r  t h e  12-pm f i l t e r  t o  -5.5 + 3.0% f o r  t h e  1-pm 

f i l t e r .  The s t a t i s t i c a l  e r r o r  l i , m i t s  a r e  almost equal  t o  t h e  e f f e c t  being 

analyzed,  which imp l i e s  t h a t  t h i s  v a r i a b l e  does n o t  s t a t i s t i c a l l y  a f f e c t  

product  y i e l d  w i t h i n  t h e  range of va lues  i n v e s t i g a t e d .  

4. Inc reas ing  t h e  r o t o r  speed (power inpu t )  f o r  STR No. 2 improves 

product  y i e l d  f o r  t h e  two-tank system. The f a c t o r  2(e3  + P1,2,4) i s  a 

measure of t h e  importance of s t i r r e r  speed. Inc reas ing  s t i r r e r  speed 

from 2 . 1  x W / l i t e r  t o  1 .7  x 10-I W/ l i t e r  improves product y i e l d  hy 

6.7% f o r  s o l i d - l i q u i d  s e p a r a t i o n  by both  s e t t l e r  and 1-pm f i l t e r ,  a s  

shown i n  Table 10 f o r  t h e  two-tank system. 

5 .  Inc reas ing  o x a l i c  a c i d  feed  concen t r a t ion  improves product y i e l d  

as measured by t h e  f a c t o r  2(B4 + B1,2, 3 ) .  For example, Table 10 shows a  

14.2% product y i e l d  improvement f n r  the s e t t l e r  and a 7.1;6 product y i e l d  

improvcmcnt f n r  t h e  1-pilr ~ I ~ L u L .  when chc o x a l i e  acid feed cuncent ra t fon  

i s  inc reased  from 0 .3  t o  0.45 M. 
6. The s e t t l e r  i s  a poor so l id - l i qu id  sepa ra t ion  device  compared 

t o  f i l t e r s .  Bn + 81,2,3,4 is  a measure nf t h e  average product y i c l d  under 

a l l  ope ra t ing  cond i t i ons .  This  f a c t o r  is  c o n s i s t e n t l y  lower f o r  s e t t l e r s  

i n  a l l  t a b l e s  than  comparable va lues  f o r  f i l t e r s .  



7. The settler performance was difficult to control. At the 90% 

confidence level in Table 8, the statistical uncertainty is measured at 

+45.0% compared with 1.4% for the 12-pm filter. These statistical 

estimates were obtained by conducting identical experiments and measuring 

the product yields. If a piece of equipment is well behaved, duplicate 

runs yield basically duplicate results. Difficult-to-operate, difficult- 

to-control processes produce a wider variation in product yields. Because 

an equal number of duplicate runs were done for solid-liquid separation 

by both settler and filter, statistical uncertainty is usable as a measure 

of relative process controllability. These numbers provide experimental 

evidence against the use of continuous crystallizers in this system. 

The values of various B terms can be combined into equations, but 
extreme care must be taken in their application. For example, let us 

consider an equation of product yield for the second STR of a two-STR 

system with a 12-pm filter. Let us assume that any value of B below the 
95% confidence level is zero. Let us also assume that the system is 

reasonably well behaved; hence, third- and fourth-order interaction terms 

are zero. This leaves one problem term, 2(B1,3 + B2,4), where B1,3 is 
an interaction term between reactor residence time and STR No. 2 rotor 

speed. Because this does not appear to be a likely interaction from 

physical considerations, it is set equal to zero. In contrast, B2,4 is 

the interaction between rotor speed in the first STR and oxalic acid 

concentration. Higher oxalic acid concentration should nucleate more 

crystals with higher yields. High stirrer speeds, however, may improve 

local mass transfer, resulting in larger but fewer crystals. Because 

crystal growth rates depend on crystal surface area, a smaller number of 

larger crystals might result in lower crystal growth rates and hence in 

lower product yields. If we believe that this is physically realistic, 

then 

This type of equation is only applicable in the range of variables investi- 

gated and depends on the assumptions used to create it. Extreme care must 

be taken in using such equations because further experimental data are 

needed co confirm their validity. 



4 . 3  Leas t  Squares Analysis  of Data 

The d a t a  from t h e  experiments us ing  two STRs were a l s o  analyzed by 

a . l e a s t  squares  technique  i n  which t h e  d a t a  were f i t t e d  t o  -a  l i n e a r  

equa t ion  of t h e  form 

Here, Y i s  t h e  pe rcen t  product  y i e l d ,  a0 through ai a r e  cons t an t  c o e f f i -  

c i e n t s ,  and V1 through V .  a r e  v a r i a b l e s .  F i f t e e n  v a r i a h l ~ s  were conoidcred, 
?. 

i n c l u d i n g  r e a c t o r  r e s i d e n c e  t i m e ,  s t i r r e r  power t o  STR No. 1, s t i r r e r  p6wer 

t o  3'l'R Nu. 2 ,  oxalic a c i d  concen t r a t ion ,  the arooo producLs uf rheSe 

v a r i a b l e s ,  t h e  squa res  of t h e s e  v a r i a b l e s ,  and t ime (t) represented  i n  t h e  

form e - t .  The d a t a  were analyzed us ing  t h e  SAS. 76 computer program. 
21 

A d e s c r i p t i o n  of t h e  program and d e t a i l s  of t h e  d a t a  a n a l y s i s  are given 

i n  Appendix C. 

The computer prograni f i t t e d  t h e  d a t a  t o  a l l  p o s s i b l e  combinations 

of t h e  above us ing  one, two, t h r e e ,  and four  v a r i a b l e s  a t  a time. The 
. . 

program then  c a l c u l a t e d  t h e  R2 va lues  -for  each equat ion  obta ined .  (R2 

i s  a s t a t i s t i c a l  concept t h a t  measures how we l l  an equat ion  represents 
2 2 

t h e  raw d a t a  and is commonly c a l l e d  t h e  c o e f f i c i e n t  of c o r r e l a t i o n .  ) 

The c o r r e l a t i o n  c o e f f i c i e n t  ranges i n  va lue  from 1 .0  t o  0 ,  and no cor re-  

l a t i o n  is said t o  exisr when iY2 = 0. A c o r r e l a t i o n  among t h e  v a r i a b l e s ,  

accord ing  t o  t h e  t e s t  equat ion ,  i s  most probable when R~ = 1. For example, 

a v a l u e  o f  R2 = 0.88 t h a t  i s  obtained us ing  . t h ree  s e t s  of measured v a r i a -  

b l e s  i n d i c a t e s  t h a t  t h e r e  i s  only a 12% .chance of ob ta in ing  R~ = 0.88 . 

when no c o r r e l a t i o n  e x i s t s .  The p r o b a b i l i t y  of a t r u e  c o r r e l a t i o n  

i n c r e a s e s  f o r  a f i x e d  va lue  of R~ a s  t h e  number of s e t s  of experimental  

d a t a  is  increased .  
2 2 

Table 11 l is ts  the t h r e e  l c a o t  squarus equarlons whlch best r ep re sen t  

product  y i e l d  from t h e  two-STR experiments w i th  s o l i d - l i q u i d  s e p a r a t i o n  
. . 

by a 12-urn f i l t e r .  One obse rva t ion  is  se l f - ev iden t :  product y i e l d  shows 
-t 

a primary dependence on e . 



Table 11. Leas: squares equations for product yields of experiments 
using the two-STR system and solid-liquid separation by 12-urn filter 

- - -- - - - - - -- 

Equation a Value of R~ 

One variable 

Y = 61.284 + (2.883 x CT) 

Two variables 

Y = 59.513 - (6.0 x lo9 x e-t) + (112.009 x COOH) 

Three variables 

%ere Y = product yield, X ;  CT = oxalic acid concentration x time, moles*min/liter; t = time, min; 
COOH = oxalic acid concentration, moles/liter; W22 = power to STR No. 2 squared,  li liter)^.. 



4.4 General Observations 

While planning, debugging, and conducting experiments, many semi- 

quantitative results were obtained. These include effect of certain 

elements on the rate of crystallization, operability of equipment, rate 

of plate-out of precipitate on equipment, and type of crystal formed. 

In addition, a few tests were run in an attempt to carry out oxalate 

precipitations using a homogeneous precipitation technique and to pro- 

duce a lwre uniform particle size in the product. Attempts were made to 

utilize the hydrolysis reaction of diethyl oxalate to generate oxalate 

ion homogeneously. The results of the homogeneous precipitation tests 

were inconclusive and are reported in Appendix D. 

4.4.1 Semicontinuous precipitation of rare earth oxalates 

While the continuous precipitation equipment was being installed, a 

short series of semicontinuous precipitation experiments were carried out. 

The experiments attempted to duplicate a continuous process with a batch 

technique. For most experiments, a flask with a magnetic stirrer was 

filled with a 150-ml solution made of synthetic waste solution and oxalic 

acid. Every 10 min, a 15-ml sample was withdrawn, and the following 

solutions were added to the flask: (1) 10 ml of 0.3 g oxalic acid solu- 
tion which also contained 0.15 g HN03 and (2) 5 ml of a synthetic waste 
solution containing 1.8 g/liter of rare earths, other fission products, 

and 2.4 M HN03. After six or seven samplings, the slurry in the flask 

began to come to steady state. 

The samples taken were slurries of crystals and solution. A pipettor, 

a constant volume sampling device capable of taking fairly representative 

samples, was used for sampling. The samples were poured into 25-mk 

graduated cylinders, and the settling rate of the solid was measured as 

a function of time. 

The results of these experiments, shown in Table 12, led to the 

following conclusions: 

1. Strontium and barium interfere with the settling of rare earth 

precipitates. A series of identical runs were made using different types 

of synthetic waste solutions, as shown in Table 12. Wastes made of pure 



Table 12. Influence of other fission product elements on the settling rates of precipitates 
of rare earth oxalates in batch precipitation tests 

Run 
No. Feed composition 

Settling velocity (cm~min)~ 
From 15 to 13 cm3 From 13 to 11 cm3 From 11 to 9 cm3 

mark mark mark 

1 Complete synthetic waste 0.733 1.808 0.685 

2 Neodymium only, equivalent 
concentration 

3 Zr only No precipitate No precipitate No precipitate 

4 Lanthanides + Ru 1.05 1.85 1.36 

5 Lanthanides + Ru + Zr 1.59 

6 Lanthanides + Ru + Zr + Ba 0.378 

7 Lanthanides + Ru + Zr + Sr' 0.294 0.264 0.353 

8 Ba + Sr only No precipitate No precipitate No precipitate 

a Settling velocities were measured by following the clear-particulate interface as the particles 
settled in a graduated cylinder. 



neodymium precipitated rapidly compared to full synthetic waste solutions. 

Additional experiments successively adding Ru, Zr, Ba, and Sr showed that 

barium and strontium caused the slower rate of settling. Pure barium 

and strontium do not precipitate in oxalic acid with the present experi- 

mental conditions. About 15 min was required to complete approximately 

99% settling of synthetic waste solutions containing these two elements. 

It is believed that the presence of some barium and strontium interferes 

with rapid crystal growth. 

2. Microscopic examination of the precipitate indicated that crystals, 

not agglomerates of crystals, are formed. The pure crystals arc rods with 

a length to diameter ratio of 5 and a rod length of about 0.001 in. 

(2.5 x loe3 cm). Many crystals are formed imperfectly with faulted crystal 

growth. In such cases, the crystal may appear spherical but upon close 

examination is shown to be a cluster 0.f rod-like crystal projections that 

have grown from a central point. 

3 .  The volume of the settled precipitate cake was-less than 1% of 

the volume of the mother liquor. 

4. The size of the precipitate indicates that settling and decanta- 

cion may not 'be a workable method of solid-liquid separation. Several 

experiments were attempted at 40°C. The laboratory equipment was not 

insulated, and thermal convection caused by cooling of the graduated 

cylinder walls was slifficient to prevent settling of the precipitate. 

The higher levels of heating generated by radioactive decay in the precipi- 

tate may cause sufficient thermal convection to prevent separation. Either 

centrifuge or filters will likely be required for the solid-liquid separa- 

t ion. 

5. The density of the precipitate is about 2.0 g/cm3. This is 

calculated assuming a settling velocity of 0.75 cmlmin, room temperature 

operation; spherical crystals with a diameter of 6.0 x in. 

(1.5 x 10-I cm), viscosity equal to water, and use of Stokes law. There 

is a great deal of uncertainty in this calculation. 

The implications for future work are twofold: 

1. Future experiments and equipment checkout before hot operation 

must use full synthetic waste solutions. Data and results of oxalate 



precipitation equipment using rare earth solutions cannot be extrapolated 

to real waste solutions. 

2 .  Oxalate precipitate settling rates depend on the amounts of 

barium and strontium in the waste solutions. Changing fuel types may 

change system behavior. For example, a BWR fueled with uranium produces 

about 4 .44  x g of barium per MWd and 2.7  x g of strontium per 

MWd, compared to 4.15 x g of barium per MWd and 1.59 x g of 

strontium per MWd for an LMFBR. The difference in strontium levels is 

great enough for some difference in oxalate precipitation rates to be 

expected bewteen LWR and LMPBR fuels. 

4 . 4 . 2  System operations 

Experimentally, it was easier to maintain a uniform product removal 

rate with the two-STR system than with the single-STR system. Small 

variations in operating conditions quickly upset the single-tank system 

but did not upset the two-tank system. No quantitative measure of this 

was made. 

4 . 4 . 3  Precipitate formation on equipment 

During some experiments, oxalate precipitate formed on solid surfaces 

of the equipment in addition to forming as solids from solution. The 

following observations about this plate-out process were made: 

1. Solids plated only onto stainless steel surfaces, not glass 

or Teflon. 

2 ,  In all cases the solids were easily removed by dissolution in 

3  g nitric acid at room temperature. 
3. In single-STR experiments, plate-out of material was observed 

in both the STR and the settler. In experiments where two STRs were 

employed in series, plate-out of material on equipment surfaces was only 

observed in STR No. 1. It is believed that plate-out of solids only 
iy 

occurs when the solution is highly supersaturated with oxalate ion; this 

supersaturation only occurs when the oxalic acid and waste solution are 

mixed together. The slightly longer residence time for STR No. 1 in the 

two-tank series limited oxalate plate-out to that STR. 



4.4.4 Crystal form 

Two typical photomicrographs of the solid precipitate are shown as 

Figs. 9 and 10. The solids in all cases were crystalline in nature. 

These photomicrographs cannot be used for accurate size measurement 

because 10 to 60 min elapsed between sampling and photography. In this 

time period, there can be significant crystal growth and dissolution. 

Fig. 9. Oxalate crystal. 



Fig. 10. Oxalate crystal. 



5. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

The work to date indicates no fundamental problems using continuous 

oxalate precipitation to remove trivalent actinide and rare earth elements 

from HLW. This study shows that 90% yields of rare earth oxalates could 

be attained from synthetic waste solutions. It is expected that a some- 

what greater (certainly no smaller) percentage of americium and curium 

would be precipitated along with the rare earths because of the mass 

action effect frnm the larger oonccntrations ul rare earths in H L W .  Bow 

high levels of radiatfon affect the pracesfi np~mbility remains to be 

determined. 

5.1 Effects of Process Variables 

1 Yields of oxalate precipitate increased with increasing oxalic 

acid concentration and increasing residence time and decreased when the 

temperature was increased. Oxalic acid concentrations were varied from 

0.2 to 0.3 M. Residence times were varied from 15 to 80 min, and tempera- 

tures were varied fram 25 to 50'6. 

2. Precipitations carried out using two STRs in series gave higher 

yields of precipitate than d2d the single-STR system. In addition, the 

performance of the series of two STRs was less affccted by upsets in 

process operations (i,e., flow rate adjustments, minor fluctuations in 

temperature, etc.). However, the advantages of using two STRs in series 

are primarily evident when larger particles (12 pm di.am) are filtcrcd 

from the product slurry. Evidence for higher yield performance was 

based on statistical evidence rather than on direct comparisons at the 

same process conditions. 

3. Stirrer epeeds (3.e., mixing power) had no effect on product 

yield except in the second STR of the two-STR system. Statistical 

analyses indicate that the use of the highest stirrer speeds (250 rpm) 

in the second reactor gave slightly improved yields. 

4. Separation of precipitates from mother liquors by filtration 

gave greater yields than by gravity settling. In the flowing system, it 



was difficult to settle the oxalate precipitate because of the small 

particle sizes and the relatively low particle density. 

5.2 Suggestions for Future Work 

1. Results of this work indicate that the yield of oxalate precipi- 

tate begins to level off at a total residence time of 80 min. Experiments 

at greater residence times (e.g., 160 min) should be carried out to further 

con£ irm this ,observation. 

2. Effects of changes in mixing power applied to impellers were 

difficult to interpret except by a statistical analysis. Additional work 

needs to be performed to better understand the effects of mixing. 

3. A variable-speed continuous centrifuge should be tested for the 

separation of the oxalate precipitate from the liquid. 

4. In some experiments, oxalate crystals plated onto equipment 

surfaces. The condition that promotes this behavior should be investigated 

for the purpose of either encouraging or eliminating it. If a material 

that encourages both growth and plate-out could be found, it might be used 

as a collection device for the precipitate. The collected precipitate 

could then be removed from the surface by acid dissolution. 

5. Better characterization of the crystalline nature of the oxalate 

precipitate is needed. Because of the potential for crystal growth during 

the aging of samples, characterization must be completed within a few 

minutes after samples are taken. 

6. Further studies to determine the purity of oxalate precipitates . 

should be carried out. A procedure better than the one used in this 

study is necessary for determining the Zr, Mo, Ru, and noble metal 

impurities. Such studies may require the use of actual HLW solutions 

rather than synthetic solutions. 

7.' After completion of above items 1 through 6, experiments should 

be performed using actual, rather than synthetic, wastes. The effects 

of radiolytically generated C02 (from oxalic acid) on continuous precipi- 

tation performance would be evaluated in these tests. It should be 

pointed out, however, that batch-wise oxalate precipitation has been 

commonly employed23 for the recovery of transplutonium elements at high 

radiation levels. 



8. It must be determined experimentally that filtrate or centrifugate 

from the oxalate precipitation step can be treated'satisfactorily by cation 

exchange to remove the residual actinides and rare earths. 
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Appendix A. EQUIPMENT DETAILS 

This  appendix con ta ins  more d e t a i l e d  drawings and photographs of 

t h e  experimental  equipment than those  used i n  t h e  t e x t .  The t i t l e s  a r e  

s e l f  d e s c r i p t i v e .  P r i o r  t o  photographing t h e  equipment, some of t h e  

i n s u l a t i o n  and l ead  s h i e l d i n g  f o r  t h e  d e t e c t o r s  was removed t o  provide 

a b e t t e r  view. 
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Fig. A . 1 .  Components of experimental apparatus for single 

eriments with continuous oxalate precipitation. 
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Fig. A.2 Actual equipment setup for single-STR experiments with 
continuous oxalate precipitation, 
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Fig. A.4. Actual eaui~ment setup for experiments using two STRs 
in series. 



Fig. A . 5 .  Stirred tank reactor. 
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Appendix B. DATA FROM CHEMICAL ANALYSIS 

In many experiments, detailed chemical analysis of the pr.ecipitate 

and various liquid'streams was conducted. These results were not reported 

in the body of the report due to uncertainty about the accuracy of certain 

analytical and calculative procedures. Instead, only the average compo- 

sition of the precipitate was reported. This appendix provides detailed 

information on the chemical analysis, including the raw data. . 

B.l Other Experiments 

In addition to the run numbers prefixed by A and B (see Tables 3 

and 4 ) ,  a considerable number of runs were made in series labelled 0 and 

C. chemical analysis of solids and liquids from these experiments were 

completed; hence, the experiments are'described. Series C experiments, 

described in Appendix D, involved an alternative type of process system 

that seemed conceptually sound but proved to be experimentally' problematic. 

Series, 0 experiments were designed to check out experimental procedures, 

equipment, and analyses for the single-STR apparatus before carrying out 

the Series A experiments. Because the purpose of. Series 0 experiments 

was to debug procedures and equipment, no radioactive tracers were used; 

therefore, the fraction of rare earths removed was not measured. . . The. 

Series 0' experiments used only the settler for solid-liquid separation 

but had the same factorial experimental design as the Series A experiments. 

T11e solids and liquids generaeed'by the Series O experiments were analyzed 

chemically. Table B.l summarizes the operating conditions for this series. 

B.2 Chemical Analysis 

- 
Various solid and liquid samples from the experiments were chemically 

a~~alyned by spark source mass spectrometry (Sect. 3.5). Table B.2 lists 

the sources of the samples used, and Tables B.3 through B.9 report the 

chemical analysis of these samples. Tables B.3 through B.9 provide two 

types of data: the raw mass spectrometer data and the calculated results. 



a 
Table B.1. Operating conditions for Series 0 experiments 

Liquid residence tixe Reactor tem~erature Oxalic acid ;:cncentration Mixing poweru 
Run No. per reactor (mini ("c) in stri?per (M) - (Wlliter) 

1.74 x 10-1 
(254 rpm) 

3.23 x 
-(I45 rpm) 

1.70 x 
(117 rpm) 

1.72 x lo-' m 
(253 rpm) N 

3;95 x 10-~ 
(155 rpm) 

1.81 x 10-I 
(257.5 rpm) 

2.12 x 10-~ 
(126 rpm) 

1.36 x 10-I 
(234. rpm) 

a Conditions were nearly identical to Series A experiments; equipment was 5dentical. 

b ( ~ ' ~ 1  V3D5 Power = , where N 
Pr 
'I5) = 5; p = density = 1 g/cm3; N = revlmin; D =  impeller diam = 2.125 in.; 

c 



Table B . 2 .  Sources of samples l i s t e d  i n  Tables  B . 3  through B . 9  

Table Sample source 

P r e c i p i t a t e  from bottom of s e t t l e r ,  l i q u i d  i n  con tac t  
wi th  p r e c i p i t a t e  dur ing  e n t i r e  experimental  run ,  
S e r i e s  0 experiments 

Liquid from e x i t  l i n e  of s e t t l e r ,  S e r i e s  0 experiments 

P r e c i p i t a t e  from bottom of s e t t l e r ,  S e r i e s  A experiments 

Liquid from e x i t  l i n e  of s e t t l e r ,  S e r i e s  A experiments 

Liquid from STR No. 1 a f t e r  f i l t r a t i o n  by 12-, 5-, and 
1-pm f i l t e r s ,  S e r i e s  A experiments 

B. 8 S e r i e s  B  p r e c i p i t a t e  a f t e r  f i l t r a t i o n  by 12-, 5-, and 
1-pm f i l t e r s ;  S e r i e s  C p r e c i p i t a t e  from bottom of 
s e t t l e r  

B. 9 S e r i e s  B l i q u i d  a f t e r  f i l t r a t i o n  by 12-, 5-, and 1-pm 
f i l t e r s ;  S e r i e s  C l i q u i d  from e x i t  l i n e  ( s e e  Appendix C )  



Tab:. B. 3. Chemical a n a l p i s  O F  so l id  p rec ip i t a t e .  Ser ies  0 wper5mmtsa 

Spark source mass spectremeter da t a  
Sample No. 

Element ~e2dO s t a d a r d 3  5A 5 B  6 7 8 9 20 11 12 

Praseodymium 
Europium 
Neodymiun 
Barium 
Cesium 
Molybdenum 
Zirconium 
Strontium 

Praseodymium 
Europium 
Neodymium 
Barium 
Cesium 
Molybdenum 
Z lrconium 
Strontium 

: ~ l c u l a t d  percentage y i e ld s  

'411 values a r e  r e l a t i v e  t o  plasecdymium. It w a s  assumec t h a t  a l l  of t he  praseodymium preci=i-.a:ed. 

b:$tandard used to  ca l cu l a t e  percentage y ie lds .  Standard is the  feed so lu t ion  f o r  experiments l i s t ed .  Feed spark source mass 
spectrometer da ta  i s  t he  axrecage analys is  of t he  feed sc lu t ion  based on samples submitted a: c i f f e r e n t  times. It became 
evident t h a t  tbere was i n s t r ~ m e n t  d r i f t  with t h e ;  hence percent y i e ld s  shown i n  each t a b l e  a r e  based on the  a n a k s i s  of the  
?a r t i cu l a r  feed sc lu t ion  ( l a t e l ed  standard) w h k h  was aralyzed simultaneously with sanples TX throlyh 12. 



. - -  

Table B.4. Chemical analysis of liquids from settler exit, Series 0 experimentsa 

- - 

Spark source mass spectrometer data 
Sample No. 

Sanple Feed Standard 5A 5B 6 7 8 9 10 11 12 

Cesiun 
Europium 
Neodyoium 
Praseodymium 
Bariun 
Molybdenum 
Zirconium 
Strontium 

Cesiun 
Europium 
Neodyoium 
Praseodymium 
Bariun 
~ol~bdenum 
Zirconium 
Strontium 

Calculated percentage yields 

- -  - -  

a ~ l l  values are relative to.cesium. It was assumed that no cesium was carried in the oxalate precipitate. 



Table B.5. Chemical analysis of precipitate from settler, Series A expe:inentsa 

Spark source mass spectrometer data 
S~mple No. 

Element Feed Standard 5 155 165 175 185 195 205 211 225 235 245 

Praseodymiurr: 
Europium 
Neodymium 
Barium 
Cesium 
Ruthenium 
Molybdenum 
Zirconium 
Strontium 

Praseodymium 
Europium 
Neodymium 
Barium 
Cesium 
Ruthenium 
Molybdenum 
Zirconium 
Strontium 

Calculated percentage yields 

'All values are relative to praseodymium. 



Table 1.6. Chemical analysis of liquids from settler, Series A experimentsa 

Element 

Cesium 
Europium 
Neodymium 
Prasaodymium 
Barilm 
Ruthenium 
Yolybdenum 
Zirconium 
Strontium 

Spark source mass spectrometer data 
S&mple No. 

Feed Standard K 15K 16K 17K 1&K 19K 20K 21K 22K 23K 24K 

145.53 
10.26 16.67 2.53 14.46 0.84 1.67 0.71 0.91 1.33 1.51 0.54 
246.27 241.67 20.58 16.87 17.39 15.15 7.85 5.91 14.46 7.42 4.69 
72.02 39.17 4.94 12.05 21.74 3.79 1.67 1.27 3.25 1.30 , 1.51 1.15 
loo. 00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
128.36 125.00 158.76 204.85 152.18 242.40 204.68 181.80 132.55 217.40 150.50 130.73 
205.23 83.33 306.43 116.89 100.00 151.50 130.90 118.17 86.?6 130.44 99.98 84.59 (T\ 

218.29 83.33 58.80 120.50 108.70 151.50 119.00 90.90 120.50 108.70 107.50 76.90 .A 

49.07 28.33 31.75 36.15 29.35 34.85 26.18 26.36 28.92 28.26 30.10 27.68 

Calculated percentage yields 

Cesium 
3uropium 
Weod:miurr; 
Iraseodpium 
3arium 
Ruthenium 
Molybdenum 
Zirconium 
Strontium 

a~ll values are relative to barium. 



l'able 8.7. Chemical ar.al:sis of liquids after filtration, Series A axCesimentsa 

Spark source mass spectrometer data 
Sample No. 

Element Feed Standarc L 15L 16L 1-L .18L . 19L iOL 21L 22L 2  3L 2 4 L  

Cesium 
. Europium 

Neodymium 
Praseodymium 
Barium 
Ruthenium 
Molybdenum 
Zirconium 
Strontium 

Cesium 
Eurppium 
Neodymium 
Praseodymium 
Barium 
Ruthenium 
Molybdenum 
Zirconium 
Strontium 

Calculated percentage yields 

'All values are relative to barium. 



Table B.8. Chemical analysis of solid precipitates, Series B and Series C experimentsa 

Spark source mass spectrometer data Calculated percentage yields 
Sample No. Sample No. 

Element 27Sb ?4Sb 41Pb 45P5 2 7 ~ 0  34SD 4 1 ~ b  4 5 ~ b  
-- - 

Praseodymium 
3olmium 
Dysprosium 
Terbium 
Gadolinium 
Europium 
Samarium 

neodymium 
Cerium 
lanthanum 
Barium 
Cesium 
Tellurium 
Antimony 

Tin 
lndium 
Cadmium 
Palladium 
Rhodium 
Ruthenium 
Kolybdenum 

Niobium 
Zirconium 
Yttrium 
Strontium 
Rubidium 
Selenium 
Iron 

a-All numbers are relative t.o praseodymium. 

b.3amples 27s and 34s are from Series B experiments; samples 41P and 45P are from Series C experiments. 



Table B.9. Ch.3mical analysis of liquids after filtration, Series B and Series 2 experimentsa 

Spark source mass spectrcmeter data Calculated 2ercentage yields 
Sample No. Sanple No. 

Element 27Pb 27Qb 34?b 34@ 4 1 ~ b  4 5 ~ b  2 7 ~ b  2 7Qi' 3 ~ p b  3 4 ~ b  4 1 ~ b  45 sb 

Barium 100. 000 ~CIO.CIOO ioo. 100 
Gadolinium 58.722 
Europium 2.333 6.1.67 
Samarium 
Neodymium '10.526 12.500 10.417 
Praseodymium 2.632 2.833 2.083 

Cerium 8.421 9.333 5.208 
Lanthanum e.772 10-333 6.250 
Cesium 210.526 216.667 375.000 
Tellurium 126.316 150.000 187.500 
Antimony 
Tin 5.000 

Indium 0.500 
Cadmium 15.789 16.667 25.900 
Palladium 350.877 325.000 447.'31; 
Rhodium 114.035 108.333 137. 500 
Ruthenium 210.526 L95.000 229. D.6: 
Molybdenum 140.351 121.667 125.300 

Zirconium 140.351 125.000 141.667 
Yttrium 1.754 2.333 
Strontium 36.842 33.333 ,?7.500 
Rubidium 64.912 75.000 89.583 
Selenium 4.667 6.2511 
Zinc 0.526 1.000 2.083 

Copper 0.667 L.667 
Nickel 
Iron 4.737 1.833 2.500 
Manganese 0.667 
Calcium 4.737 3.833 
Potassium 1.053 1.333 

Sulfur 10.977 10.000 
Phosphorus 0.175 
Silicon 8.772 10.000 
Aluminum 1.228 1.667 
Magnesium 3.509 13.333 
Sodium 17.544 33.333 
Boron 0.702 

'~11 numbers are relative zo barium. 

B experimexts; samples 41s and 455 are from Series C exgerlnents. b~amples 27P.. 274, 34P. and 349 are from Seri,?s 



A factorial analysis was made on the europium percentage yield of the 

precipitate for Series B experiments as a function of system temperature, 

oxalic acid concentration, liquid slurry residence time in the reactor, 

and impeller stirrer speed. The percentage yield, which varies from 

88.59 to 117.19% in Table B.3, measures the fraction of europium precipi- 

tated compared to the fraction of praseodymium precipitated. The 

factorial error analysis indicates that the uncertainty in analysis was 

significantly larger than any variation in yield due to variations in 

operating conditions. IA effect, all results were buried in the 
uncertainty of the chemical analyses. 

Several other statistical analyses yielded similar results; hence, 

it was concluded that further statistical analyses, except those used to 

determine average composition of the precipitate and its standard devia- 

tion, were unwarranted. The raw data are included here so that other 

types of analyses may be made if the reader wishes to do so. 



T H I S  PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



Appendix C. LEAST SQUARES FIT OF DATA 



T H I S  PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



Appendix C.  LEAST SQUARES FIT OF DATA 

The f a c t o r i a l  a n a l y s i s  used i n  t h e s e  experiments assumes t h a t  t he  

product y i e l d  i s  a  l i n e a r  func t ion  of t h e  independent v a r i a b l e s .  This  

assumption g r e a t l y  a i d s  i n t e r p r e t a t i o n  of d a t a  and i s  a  reasonable  

assumption f o r  small  changes i n  any s i n g l e  v a r i a b l e .  A ques t ion  e x i s t s ,  

however, a s  t o  whether o r  no t  some c h a r a c t e r i s t i c s  of t h e  system have 

been hidden by t h e  a n a l y s i s .  By use  of a  l e a s t  squares  a n a l y s i s ,  t h e  

d a t a  can be examined from a d i f f e r e n t  viewpoint ,  and a d d i t i o n a l  i n s i g h t  

can be oLCained. This  a d d i t i o n a l  a n a l y s i s  was only done f o r  t h e  S e r i e s  B 

experiments ( i . e . ,  those  experimental  runs which used two STRs i n  s e r i e s ) .  

The d e t a i l s  of t h i s  a n a l y s i s  a r e  shown he re .  

C . l  Leas t  Squares Analysis  Used on Data 

The d a t a  was analyzed by t h e  SAS.76 computer program ( see  r e f .  21, 

Sec t .  6 ) .  This  program, which uses  a  l e a s t  squares  technique,  f i n d s  t h e  

b e s t  l i n e a r  equat ion  t o  f i t  t h e  raw d a t a .  For example, i f  t h e r e  a r e  

t h r e e  v a r i a b l e s  a s  a  func t ion  of Y,  t h e  program f i t s  t h e  d a t a  t o  a l l  of 

t h e  l i n e a r  equat ions t h a t  a r e  poss ib l e  wi th  t h r e e  v a r i a b l e s ,  a s  shown i n  

Table C . 1 .  The program then determines which equat ion  b e s t  f i t s  t h e  da t a .  

For t h e  a n a l y s i s  he re in ,  a l l  of t h e  v a r i a b l e s  l i s t e d  i n  t h e  f i r s t  

column of Table C.2 were considered a s  independent v a r i a b l e s .  The v a r i a b l e s  

included a l l  independent experimental v a r i a b l e s  and t h e  c r o s s  products  of 

t h e s e  vdr lab les .  The time v a r i a b l e  ET is  i n  t h e  exponent ia l  form t o  a l low 

t ime t o  e n t e r  a s  an exponent ia l  i n  a  l i n e a r  equat ion.  This  was included 
-t 

because product y i e l d  is  expected t o  vary  wi th  t ime i n  t h e  form 1 - e . 
The c o e f f i c i e n t  of c o r r e l a t i o n ,  R2, was c a l c u l a t e d  f o r  each equat ion  and 

was used t o  i n f e r  t h e  b e s t  f i t  of t h e  d a t a  (Sect .  4 , 3 ) .  Given a f i xed  

number of d a t a  s e t s ,  t h e  equat ion  which g ives  an R2 va lue  t h a t  i s  n e a r e s t  

t o  uniLy is  s a i d  t o  be t h e  b e s t  f i t .  

Table C.3 l ists  t h e  most important v a r i a b l e s  t o  maximize product 

y i e l d  from STR No. 1 of t h e  experiments t h a t  used two STRs ( S e r i e s  B 

experiments) .  For one-, two-, three- ,  and four -var iab le  l i n e a r  equat ions ,  



Table C.1. Equations used to 
fit data for three variables 

One-variable equations 

Y = A. + A I X l  

Y = A. + A2X2 

Y = A. + A3X3 

Two-.variable equation:, --- 
Y = A. + A I X l  + A2X2 

Y a A. + A I X l  + A3X3 

Y a A. + A2X2 + A3X3 

~hree-variable equation 

Y = A. + A I X l  + A2X2 + A3X3 



Table C.2. Variables for least squares analysis 

Varizble abbreviation Variable name Units 

T 
TMP 
COOH 
W2 
ET' 

WW 
WIT 
W2T 
TTMP 

CTMP 
CWI 
CW2 
w 1 m  
W 2 W  

Power to STR No. 1 
Time 
Temperature 
Oxalic acid concentration 
Power to STR No. 2 
Exponential time, 1013 x e -t 

Power to STR No. 1 x power to STR No. 2 
Power to STR No. 1 x time 
Power to STR No. 2 x time 
Time x temperature 
Oxalic acid concentration x time 
Oxalic acid concentration x temperature 
Oxalic acid concentration x power to STR No. 1 
Oxalic acid concentration x power to STR No. 2 
Power to STR No. 1 x temperature 
Power to STR No. 2 x temperature 

Power to STR No. 1, squared 
Power to STR No. 2, squared 
Oxalic acid concentration, squared 
Time, squared 
Temperature, squared 

Wlliter 
min 
O C 
molelliter 
Wlliter 
None 



Table C.3. Best 1;ast squarer; equa t ions  f o r  STR No. 1, S e r i ~ s  B' experiments 

Number of Sc l id - l i qu id  s e p a r a t i o n  So l i c  - l i q u i d  s e p a r a t i o n  
v a r i a b l e s  wi th  12-pm f i l t e r  -&th 12-urn f i l t e r  

i n  equa t ion  Best v a r i a b l e s  R~ B e s t  v a r i a b l e s  R~ 

1 CT 
1 TMP 2 
1 TMP 
1 ET 
1 COOH 
1 cm 

ET 
ET 
COOH 
TMP 
T 
COOH 

TMP 
W l ' i  
corn 
WIT 
TMF 
T 

TM.F 
W 1  
w 
TMI' 
TT 
TT 

CTMP 
COOH2 
E" 
T H P ~  
COOH 
T" 

WlT 
ET 
WiT 
ET 
TT 
TMP 

WIT 
TMP 
W.LT 
W.LT 
C'k 
Cb!r 

TMP2 
CTMP 
ET 
COOH2 
TMP2 
TMP2 

CW1 
WIT 
W l T M P  
W12 
CTMP 
COOH2 

0.5941 TMP2 
0.5598 TMP 
0.5580 COOH 
0.4889 CT 
0.4024 W12 
0.3902 CTMP 

WIT 
W1T 
W 1  
W12 
W 1  
WlTMP 

WIT 
WIT 
COOH 
COOH 
WIT 
COOH 

COOH 
WIT 
WIT 
WIT 
COOH 
W 1  T 

12 TMP 
1200H2 
V12 
WlTMP 
2TMP 
XlT 

d l 2  
ET 
ET 
CT 
WlTMP 
CT 

ET 0.9614 
CTMP 0.9615 
COOH2 0.9603 
COOH2 0.9433 
T2 0.9403 
CTMP 0.9378 



the best six equations of each form are given. For example, the best 

equation using two variables as a linear equation of product yield from 

STR No. 1 with solid-liquid separation by 12-pm filter in Series B 

experiments is' Y = A. + (Al x ET) + (A2 x CTMP) with an R2 value of 0.8565. 
The next best equation, Y = A. + (A1 x ET) + (A2 x COOH2), has an R2 
value of 0.8563. 

Several observations about this approach are noteworthy. First, 

equations with larger numbers of variables have higher R2 values, as would 

be expected. Second, in many cases different equations can repsesent the 

data almvst equally well. Tn most cases, however, equations with equally 

good fit have the same basic variables but the form of the variables is 

rearranged. 

After determination of the best equations with which to fit the 

data, the coefficients of those equations were determined. The results 

for Series B experiments are shown in Tables C.6 through C.lO; definitions 

of the variables are given in Tables C.4 and C.5. For each set of data, 

the coefficients for the best two equations for one, two, three, and four 

variables were determined. All of the equations are written in three 

forms, 'as discussed below. 

The first equation form fit the raw data as obtained. For example, 

consider the first one-variable equation of product yield for STR No. 1, 

Series B experiments, with solid-liquid separation by 12-pm filter as 

shown in Table C. 7. Here R2 equals 0.594, the intercept equals 36.379, 

and the coefficient of CT is 3.867. The resultant equation is 

Y = 36.379 + (3.867 x C r j  , (c. i) 
where Y is product yield (%), and CT is oxalic acid concentration (mole/ 

liter) x residence time of liquid in each reactor (min). 

The second alternative one-variable equation is 

.Y = 7 7 9 . 6 5 5  - (0.519 x TMP2) . (C. 2) 

Equations C.l and C.2 are useful, but one cannot easily compare the 

importance of the variable CT compared to TMP~ on product yield. To 

determine the relative importance of different variables, the equations 

must be written in some form that will put each variable on a common 

basis. Two such approaches were adopted. 



a Table  C.4. Normalized v a r i 3 b l e s  f o r  STR No. 1, S e r i e s  B e x p e r i a e n t s  

Raw d a t a  v a r i a b l e  

V a r i a b l e  d e f i n i t i o n  

TMP COOH ET 

Power t o  STR No. 1 Time Temperature Dxal%c a c i d  Exponen t i a l  t ime  
c o n c e n t r a t i o n  

U n i t s  W / l i t e r  min O C mol le / l i t e r  None 

- - - - - 
[ - I ,  +1] normalized v a r i a b l e  W 1  T TMF' COOH ET 

V a r i a b l e  d e f i n i t i o n  

Sigma noruial ized v a r i a b l a  

V a r i a b l e  d e f i n i t i o n  

Sigma normal ized  v a r i a b l e  

V a r i a b l e  d e f i n i t i o n  WlT - 2.819 
2.602 

Sigma normal ized  v a r i a b l e  WlTMP 

TMP - 37 COOH - 0.25 ET - 1.06 x l o 4  
5 0.05 1 . 0  x l o Q  

- - 
TMP 

- - 
COOH 

T - 29.664 TMF' - 38.109 COOH - 0.244 ET - 8141.92 
8.777 0.236 0.041 11,317.235 

- - 
CTMP 

'IT - 1100.34 CT - 7.212 CTMP - 9.031 CWl - 0.023 
324.844 2.431 1.472 0.019 

V a r i a b l e  d e f i n i t i o n  

te rms  f o r  raw d a t a  v a r i a b l e s  ~ n d  [ - I ,  +1: x w m l i z e d  v a r i a b l e ;  a r e  ob t a ined  by a i n ? l y  m u l t i p l y i n g  t h e  a p p r o p r i a t e  
v a r i a b l e s  t o g e t h e r ;  f o r  example, CTMP = COOH x 'IMP, ~ n d  = x ?%?. For sigma m r m a l i z e d  v a r i a b l e s  t h i s  p rocedure  
i s  i n v a l i d  because  t5e mean of  COOH t imes  t h e  nean of 'IMP ( o r  Eny o r h e r  v a r i a b l e )  is  not t h e  mean ( excep t  i n  s p e c i a l  
c a s e s )  oE COOH x TMP. 



Table  C. 5. Normalized v a r i a b l e s  f o r  STR No. 2, S e r i e s  B experiment'sa 

Rzw d a t a  v a r i a b l e  

V a r i a b l e  d e f  i n i t  i.on 

u n i t s  

[-I,  +1] normal ized  v a r i a b l e  

V a r i a b l e  d e f i n i t i o n  

Sigma normal ized  v a r i a b l e  

V a r i a b l e  d e f i n i t i ~ n  

Si,gma normal ized  -1a r i ab l e  

V a r i a b l e  d e f i n i t i o n  

W 1  T TMP COOH W2 ET 

Power KO STR Time Temperature Oxa l i c  a c i d  Power t o  STR Exponent ia l  
No. 1 c o n c e n t r a t i o n  No. 2 t ime  

W / l i t e r  min O C  m o l e l l i t e r  W l l i t e r  None 

COOH 

TbP- 35 COOH - 0.25 W2 - 0.09 ET - 1 . 0  x l o 4  
5 0.05 0.09 1 . 0  x l o 4  

- - - - = - - - - 
T TMP COOH W2 ET 03 P 

W 1  - G.095 T - 29.664 TMP - 35.666 COOH - 0.244 W2 - 0.089 ET - 8141.92 
0.007 8.777 0.544 0.041 0.068 11,317.24 

- - 
CTMP 

- - - - 
Sigma normalized v a r i a b l e  CW1 CW2 

V a r i a b l e  d e f i n i t i o n  
C W l  - 0.023 CW2 - 0.022 

0.019 0.017 

a 
Cros s  terms f o r  raw d e t a  v a r i a b l e s  and [ - I ,  +1] normal ized  v a r i a b l e s  a r e  ob t a ined  by simply m u l t i p l y i n g  t h e  a p p r o p r i a t e  
v a r i a b l e s  t o g e t h e r ;  f o r  example, CTMP = COOH x TMP, and = x m. For sigma normal ized  v a r i a b l e s  t h i s  p rocedure  i s  
i n v a l i d  because  t h e  moan of  COOH t imes  t h e  mean of  TMF', f o r  example, is  n o t  t h e  mean o f  COOH x TMP excep t  i n  s p e c i a l  c a se s .  



Table  C . 6 .  L2ast  squa res  equa t ion  c o e f f i c i e n t s  of product y i e l d  (E) of STR No. 1, 
S e r ~ e s  B experiment;, w i th  s o l i d - l i q u i d  s e p a r a t i o n  by 1 - ~ n  f i l t e r  

Raw d a t a  [-I, +I ]  Sigma 
f i t  n k a l i z a t  i on  normal i za t  Lon 

Raw d a t ~  [ - I ,  + I ]  Sigma 
f i t  - normal iza t ion normal i za t ion  

~2 
I n t e r c e p t  
TMP2 

R2 
I n t e r c e p t  
TMP 

~2 
W1T 
W12 
I n t e r c e p t  

~2 
I n t e r c e p t  
W1T 
WlTMP 

(he-variabl  e models 

-0-varizble models 

R2 
I n t e r c e p t  
CTMP 
WIT 
W12 

R2 
I n t e r c e p t  
WIT 
W12 
COOH2 

~2 
I n t e r c e p t  
COOH 
W1T 
W12 
ET 

~2 
I n t e r c e p t  
W1T 
W12 
ET 
CTMP 

Three-var iable  models 

3 o ~ r - v ~ r i a b l e  models 



Table C.7. Least squares equations of product yield (%) of STR No. 1, 
Series B experiments, with solid-liquid separation by 12-pm filter 

- 
Raw data [-I, +I] Sigma Raw data [-I, +I] Sigma 

, fit normalization normalization fit normalization normalization 

One-variable nodels Three-variable models 

R2 0.594 0.183 0.594 p2 
Intercept 36.379 64.131 64.264 Intercept 
CT 3.867 -6.598 9.398 TMP 

WIT 
,9* 0.559 0.766 0.554 TMP2 
Intercept 779.655 72.757 64.264 
TMP2 -0.519 -3385.093 -9.123 R2 

Intercept 
W1 T 
ET 
CTMP 

R' 
Intercept 
ET 
CTMP 

~ i 2  
Intercept 
Er 
COOH2 

Two-variable models Four-variable models 

R2 0.987 0.920 0.987 
Intercept -172363.289 72.905 64.264 
TMF' 9329.905 -47.415 2206.067 
W1T 4.009 4.872 10.438 
CW1 -388.428 -3.030 -7.363 
TMP~ -126.203 -3102.254 -2216.348 

R2 0.975 0.918 0.975 
Intercept -157,574.2 72.935 64.264 
W1 -105.408 2.671 -8.138 
TMP 8527.088 -25.138 2016.240 
WIT 4.369 5.033 11.374 
TMP2 -115.309 -3313.433 -2025.028 



T ~ b l e  C.8. Least squares mcdel for STR No. 2 ,  Series B experiments 

Number Of Solid-liquic separation with 12-pm f i l t e r  Solid-liquid sepzrntion with 13-pm f i l t e r  variables 
in  equation Best varia73les R2 Best variables R2 

CT 
TMF'2 
TMP 
ET 
T 
TTMP 

ET 
COOA 
ET 
TMP 
ET 
T 

ET 
ET 
W2 
C o o l  
ET 
COOH 

W2 
W2 
COO3 
W2T 
cooa 
W2T' 

CTMP 
ET 
COOH2 
TMP2 
CW2 
COOH 

CTMP 
c x  
ET 
ET 
w2TMP 
ET 

ET 
ET 
W2 
ET 
W2T 
ET 

w2TMP 
W22 
CTMP 
W2TMP 
COOHZ 

' W22 

W2TMI 
CTMF' 
ET 
C W  
ET 
coom 

CT 
l x ? 2  
TMP 
ET 
T 
T'NP 

ET 
CT 
CT 
W2 
ET 
E'I 

W? T 
ET 
W2 
ET 
COOH 
ET 

W? 
W? 
COOH 
W2T 
W2T 
W2T 

CW2 
CW2 
W2TMP 
CT 
w 2 n ~  
CTMF' 

ET 
CTMP 
ET 
CTMP 
ET 
CTMP 

ET 
ET 
W2 
ET 
ET 
ET 

cw2 
w 2 m  
l;v2 
'42 2 
' d 2 W  
,:w2 

2nlP 
iJ2 T!lP 
ET 
c w  
CTMF' 
W2TMF' 



Table C.9. LEast squares equation coefficients of product yield (Z) of STR No. 2, 
Series B experiments, with solid-liquid separation by 12-pm filters 

Rav data [-I, +I] Sigma 
fit normalization normalization 

Raw data [-I, +I] Sigma 
fit normalization normalization 

One-variable models 

R~ 0.5E1 0.078 0.561 
Intercept 61.285 82.039 82.075 
CT 2.883 -3.212 7.007 

a; 0.545 0.695 0.543 
Intercept 308.562 89.837 82.075 . 
TMP2 -0.178 -271.408 -6.893 

~2 
Intercept 
ET 
CTMP 

~2 
Intercept 
ET 
COOH 

Two-variable models 

~2 
Intercept 
ET 
CTMP 
W2 TMP 

~2 
Intercept 
W22 
ET 
CTMP 

RZ 
Intercept 
W2 
ET 
W2TMP 
COOH2 

112 
Intercept 
W2 
ET 
CTMP 
W2TMP 

Three-variable models 

Four-variable models 



Table  C . l O .  Leas t  squa res  e q . ~ a t b n  c o e f f i c i e n t s  of product y i e l d  (%) of STR No. 2 ,  
S e r i e s  B experiments,  w i th  s o l i d - l i q u i d  s e p a r a t i o n  by l-pn f i l t e r s  

Raw d a t a  [ - I ,  + L l  Sigma 
f i t  normaliz.at i on  normal i za t ion  

Raw d a t a  1-1, + I ]  Sigma 
f i t  no rmal i za t ion  normal iza t ion 

m e - v a r i a b l e  modals Three-var iable  models 

I n t e r c e p t  
ET 

R~ 
Intercep: 
TMP2 ~2 

I n t e r c e p t  
ET 
CTMP 
W2TMP 

Two-variable models Four-var ieble  models 

~2 
I n t e r c e p t  
ET 
CW2 

~2 
I n t e r c e p t  
W2 
ET 
CTMP 
W2TMP ~2 

I n t e r c e p t  
CT 
CW2 

~2 
I n t e r c e p t  
W2 
ET 
W2TMP 
COOH2 



The second type of equation that was chosen to fit the data redefined 

the variables so that. the value of each variable in the equations varied 

from -1 to +1, while the value of each variable in the experiment changed 

from its minimum to maximum value. An example will clarify this 

defintion. ' 

Consider the first three-variable [-I, +1] normalized equation for 

STR No. 1, Series B experiments, with solid-liquid separation by 12-pm 

filter, as shown in Table C. 7. Here R~ equals 0.884, intercept equals 

72.652, is 34.355, WIT is 4.869, and is 3063.427. The equation 

is written as: 

Y = 72.652 - (34.533 x m) + (4.969 x WIT) - (3063.427 x -) . (C. 3) 

Y is defined as the percent product yield. The other terms are 

defined in Table C.4 as: 

TMP = 
- TMP-37 

5 9 

In the experiments, the temperature varies from 32 to 42OC (i.e., a 

range of 10°C), and time varies from 20 to 40 min (a range of 20 min). 

Similarly, stirrer speed varies from 0.02 to 0.20 Wlliter with an operating 

range of 0.18 Wlliter. If the values of any of these variables are put 

into Eqs. (C.4) to (C.6), the redefined variables vary from -1 to +1 over the 

experimental range. By examining Eq. (C.6), it can be clearly seen that of 

the variables investigated, T M P ~  (the temperature. squared) is by far the 

most important. In contrast, the coupled effect of stirrer speed x reactor 

residence time is seen to b'e small. Fitting equations to this form allows 

-the experimenter to weigh the relative importance of the various variables. 

The equations were also written in a third form, which normalized the 

equations' with the new variable form shown below: 

= X - X mean . X = 9 u 



whpre 
- - 
X = variable to use in equations with coefficients listed in 

Tables C.6, C.7, C.9, and C.lO; 

X = experimental value of variable; 

'mean 
= average value of variable X in a series of experimental runs, 

a = standard deviation of X. 

This type of normalization, although not as easy to comprehend, does 

offer some significant advantages: 

1. The normalization technique guarantees that each variable io 

on an equal basis. If partd.cular variables were not held to 

their exactly desired value in some experiments, t'his type sf 

analysis automatically compensates by changing sigma. 

2. If some variable that was to be held constant actually varies, 

this normalization method allows that variable to be analyzed 

. as an additional variable to determine if the unexpected changes 

are important. 

C.2 Least Squares Fit of STR No. 1, Series B Experiments 

Examination of Tables C.4, C.6, and C.7 reveals several important 

relationships between the variables and product yield from STR No. 1 in 

Series B experiments. The most important observations are the following: 

1. Temperature is an important, nonlinear variable of product yield. 

In Table C.3, temperature is the most important one-variable parameter. 

This is particularly significant because unlike Series A experiments, 

Series 3 experiments had "constant temperature." In effect, temperature 

controller noise became the dominant variable. Because [TMP]~ is more 

significant than ['LMP] and because the cbefficient of [TMP]~ is negative, 

increasing temperature rapidly decreases product yield. Near the operating 

temperature of 35OC, a rise in temperature can cause a major reduction +n 

product yield. 

2 .  Time as a variable of product yield is best represented in Lhe 
-t variable form 1 - e or 1 - Time was allowed to enter the equations 

-t -t in three forms - T, T ~ ,  and e . The form e produced the best correlations, 

as shown in Table C.3. 



3. As evident earlier, stirrer power for STR No. 1 is not a major 

variable. Stirrer power enters into the equations, but the coefficients 

are generally small. 

C.3 Least Squares Fit of Product Yield of Series B Experiments 

Tables C.8, C.9, and C.10 give the results of the least squares 

analysis of product yield for the final product from Series B experiments, 

Two important results are evident: 

1. Temperature is an important, nonlinear, negatively correlated 

variable of product yield. The results are similar to those discussed 

in Sect. C.2. Table C.2 shows the raw data and the relatively small 

temperature effects that were found significant. 

2. Time as a variable of product yield is best represented in the 
-t variable form 1 - e or t2. 
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Appendix D. HOMOGENEOUS PRECIPITATION WITH 
SIMULTANEOUS CRYSTAL SEPARATION 
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Appendix D. HOMOGENEOUS PRECIPITATION WITH 
SIMULTANEOUS CRYSTAL SEPARATION 

A very short series of exploratory experiments were conducted using 

diethyl oxalate as the source of oxalic acid for precipitation of lan- 

thanides. The equipment flowsheet is shown in Fig. D.l, and the main reac- 

tion vessel is shown in Fig. D.2. In this process, the synthetic waste 

feed solution was mixed with water and diethyl oxalate and sent to the 

crystallizer. The crystallizer consisted of a straight glass tube down 

the center of a tapered column. The liquid entered the center straight 

tube, traveled down the tube and then up the tapered column to the exit. 

Ideally, crystals are formed in the tapered column and drop to the 

bottom of the column. The column is heated at the top and cooled at the 

bottom. This high temperature gradient provides stability against unwanted 

mixing in the crystallizer. 

The diethyl oxalate in the presence of water hydrolyzes to oxalic 

acid and ethanol. The result is a slow increase with time in oxalic acid 

concentration in the presence of the waste feed solution. The rate of 

hydrolysis is dependent upon temperature and acid concentration. Some 

previous experiments (ref. 24, Sect. 6) have suggested that slowly increas- 

ing oxalic acid concentrations with time should improve product yields of 

actinides through a process called carrier precipitation. 

Examination of the product yield in Table D.l shows very low product 

yields for the exit streams (7.7 to 15.8%) but shows moderate yields when 

the exit streams are filtered with 1-um filters (41.1 to 73.9%). The 

crystals collected from the bottom of the crystallizer were about five 

times the size of crystals from the STRs but were few in number. 

The product yields for various sizes of filters vary greatly but 

exhibit little pattern with respect to the two main operating variables - 
time and temperature. At low operating temperature, increased reactor 

residence time improved product yields, whereas the reverse was true a t  

higher temperatures. The considered explanation of these results is as 

tollows. Uiethyl oxalate requires time to dissociate; hence,with greater 

times, more oxalic acid is formed with higher product yields. Diethyl 
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Table D,1.  I n i t i a l  experimental coriditions and prcduct y ie lds  obtained 
i n  the  hmugeneous p rec ip i ta te  experPment6 

Experiment &l number 
41 42 43 44 45 

Experimental condi t ix -o  

sesidence t i n e  i n  reactor  (min) 60 9 0 90 6 0 120 

Temperature a t  top of column (OC) 6 0 6 0 79.45 79.45 6 0 

Temperatura a t  bottom of column (OC) 30.2 28.8 30 32.6 26.9 

Zeed rate (cm3 fm] 15.31 10.19 10.1s 15.31 7.81 

Water r a t e  (cm3/m) 27.08 18.55 18.55 27.08 14.58 

Diethyl oxalate rats (cn3/m) 1.67 1.08 1.08 1.67 0.85 

Equivalent (COOH) 2 concsntration (3) 0.31 0.31 0.31 0.31 0.31 

Product y i e l c  (%) 

12-pm f i l t e r  

5-pm f i l t e r  

1-pm f i l t e r  

Exit stream 



oxalate is, however, a fairly volatile compound. At higher temperatures 

it is probably being distilled out of the water before it dissociates 

into oxalic acid. 

The above results are of a preliminary nature. Considering the 

poor results, however, the concept (diethyl oxalate in a downflow-upflow 

crystallizer) is probably not worth further effort unless much longer 

reactor-residence times for the wastes are acceptable. Long reactor 

residence times can, unfortunately, result in significant oxalate decom- 

position from radiation; hence, there are technical questions on the 

feasibility of this approach. Although the apparatus may be worth 

additional investigation as a settler, there are serious questions about 

the feasibility of settlers for this solid-liquid separation task. 
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