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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 precipitation
and solid-liquid separation system. Trivalent actinide
and rare earth oxalates are relatively insoluble in 0.5 to
1.0 M 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. Oxalic. acid:
apd 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 step 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—levellwastes'(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.



In the OPIX (oxalate precipitation followed by ion exchange) process,
the HLW solution from a Purex-type repfocessing plant and a pure oxalic
acid solution flow independently into the first of one or more stirred-
tank reactors (STRs) in series. The rare earths and trivalent actinides
combine with the oxalate ion to produce insoluble oxalate crystals. 2
The precipitated rare earths and actinides (about 1% of the volume of
liquid) are removed by a solid-liquid separation device. Residual tri-
valent actinides (about 10% of the total) are removed from the mother
liquor by ion exchange; however, this part of the process was not tested
in the experimental work reported here. ‘
The following experimental variables were investigated: number of
STRs (one or two), liquid residence time per reactor (15 to 40 min),
system temperature (25 to 50°C), final concentration of oxalic acid
waste (0.2 to‘0.3 M), energy input to stirrer (0.02 to 0.18 W/liter),
and method of solid-liquid separation. Product yields varied from 46 to
92%. The best set of operating conditions within the range of variables “
investigated was two STRs in series; liquid residence time per reactor,
240 min; operating temperature, <25°C; and oxalic acid feed concentration, v
20.45 M, yielding a final solution concentration 20.3 M, The stirrer
speed of STR No. 1 did not affect the product yieid significantly, but
higher stirrer speeds (0.18 W/liter) were desirable for STR Na. 2.
Althuugh solid-liquid separation by settling was not satisfactory,
efficient separations Qere obtained by filtration. Product yields
(defined as the percent of the rare earths in the feed collected as a
solid) varied from 90 to 927 after passing through 12-, 5-, and 1l-um
filcers in series. Particle-size distributions and other observationms
suggest that the optimum solid-liquid separation device for a full-scale
plant may be a continuous centrifuge, although filters yicld excellent
results. It was not determined whether filLrates contained particles
that were less than 1 um in diameter.
Chemical analysis revealed that, in addition to the rare earths,
the precipitate contained the following percentages of the faad solution
elements: barium, 0.6%; strontium, 1.3%; ruthenium, 1%; molybdenum, A 4

0.2%; and zirconium, 5.2%.



v&

From this initial experimental data it appears that a continuous
process can be developed for use in large-scale, radioactive operations
in which oxalate precipitation is used to remove the bulk of the trivalent

actinides and rare earths from HLW as part of the OPIX process.



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, Lased on process

requirements, and test it in potentially feasible process configuratiois
v(i.e., single or multiple wnits), and (2) to determine the yield and
purity of the oxalate precipitate in terms of Doth equipment 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 CO2 and H20.

This work was carried out as part of a program on thc evaluation of
the technical feasibility of partitioning and transmutation as a waste
management concept.1 In this waste management roncept, actinides (and
perhaps other long-lived radionuclides such as 12°I) 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.l—4 Oxalate precipitation is only one
step in the overall flowsheet fof removing actinides from wastes, and
only those portions of the flowshieet which are necessary to the under-
standing of the OPIX 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



ORNL DWG 79-41800

104 T T T T TTTT] T T [ T T1TT] T

BASIS: 1 MT OF PWR-U FUEL (33,000 MWD/T)
PROCESSED AT 160 DAYS AND DECAYED
FOR TIME INDICATED. WASTES
ASSUMED TO CONTAIN ONLY 0.5% OF
- UAND 0.1% OF I, AND NONE OF THE
RARE GASES.

L1t

1

J

I

TOTAL FISSION PRODUCTS

103

Ll

|

1

I

THERMAL POWER (W/MT)

102

L1l

|

|

\ N )
10! [ 1&1111 L L\iLUJLL

1 2 3 S5 7 10 20 30 50 70 100 200 300
DECAY TIME (years)

Fig. 1. Thermal power of HLW from conventional reprocessing of
LWR fuel. Source: W. D. Bond and R. E. Leuze, Feasibility Studies of
the Partitioning of Commercial High-Level Waste Generated in Spent Fuel
Reprocessing: Annual Progress Report FY-1974, ORNL~5012 (January 1975).



r——> NUCLEAR REACTOR

ORNL DWG 78-4994

) ,
U FUEL U, Pu, Np REPROCESSING
" "|FABRICATION [ PLANT (PUREX)
Am,Cm L
OXALATE
] rPRECIPITAT’ION
CATION EXCHANGE |_ T
OPIX
AND ACTINIDES - ION
EXCHANGE
RARE
EARTHS FISSION
- WASTE PRODUCTS

Fig. 2,

SOLIDIFICATION

'

GEOLOGICAL DISPOSAL

Partitioning-transmutation flowsheet.




higher actinides are rejected to the HLW. Chemical feasibility studies
indicate that perhaps as muchAas 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 process ~' 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 triﬁalent actinide elements. Chemical feasi-
bility studiesl-4 have indicated that it may also be possible to recover
99.97% of the americium and curium.

A conceptual materials balance flowsheet for thé 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 theﬁ

be used as feed solutions to the CEC process.

Only the first two operations were investigated in this study.

_ The chemical feasibility of removing trivalent actinides and lan-
thanides by the OPIX process has already been demonstrated in batch
laboratory-scale experiments with synthetic solutions and with real
waste solut‘j.ons.S—7 Using very small samples of irra&iated LWR fuel,
D. 0. Campbell showed that good recoveries are obtained in the oxala;e
precipitation step (Table 1). The OPIX process requires considerably

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

to 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
precipitation by oxalic acid

~Percent. ’ : : Percent
Element .- in liquor . precipitated
28200 - . ©0.42 : ’ ‘ 94.4
24bcy : C 0 0.38 0 7 ’ ' 94,1
13704 94.3 R - 0.09
106g, - ’ : 93.9 AR 0.99

lhlce : : 2.73° SR '89.0

.QHigh yields were difficult to measure; accuracy of yields may be
+30%.
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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) 1s controlled hy suspending the crystals in super-
saturated liquid upflow through an increasing diametrer. tuba. Thr lineur,
liquid velocity prnfile inm the vertical tube is adjusted so that the
large crystals settle out in the smallest diameter (highest linear velocity)
section at thé 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 CO, produced by the
radiation is estimated to cause convective currents and make the operation
of such devices questionable.

2. Heat and mass transfer are expected 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
quantities 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
ejulpment to large equipment. Several STRs may be operated in series.

The STR vessels and the impellers used in this study are shown in
TFig. 4. The tanks contained four baffles each, and impellers were six-
bladed. The ratios of vessel height and diameter were chosen to corre-
spond to those reported in the literatureg-l8 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 l1-liter mark.
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3.2 Solid-Liquid Separations

Solid-liquid separations were investigated by both gravity settling

and filtration.

3,2.1 Sottler

A settler with a conical-shaped bottom was used to collect solids
(Fig. 5). The slurry entered the settler ﬁear‘its midpoint, and liquid
was separated by overflow. The cross section of the settler could be
changed by placing various-sized glass rods in the middle of the setrrler,
Although the settler was wrapped with insulatiﬁg material, thermal con-
vection still caused some difficulty. The problem was somewhat alleviated,
though not eliminated, by heating the top of 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 nse of
three nucleopore filters in series (12, 5, and 1 um pore diam). The
amount of precipitate on each filtrer was meqaured. Filtration 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.

Althouéh the nucleopore filters are unsuitable for filtration of
highly radioactive solids, they were used in thie otudy for uvuuvenience.
If filtration 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 aﬁy desired material. These filters, which are used at
nuclear power stations, are currently available in pore diaweters 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 to 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.lo_l9

Concentrations of oxalic acid during precipitation and crystal
growth in the STRs were changed by varying the flow ratio of oxalic acid
solution to synthetic waste solutions while maintaining the nitric acid
concentration at 0.88 M. To achieve the desired oxalic acid concentra-
tion in the STRs, the concentration of input H,C,0, was varied from
0.31 to 0.45 M. Residence Ltime 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
similar to the HLW trom a Purex plant reprocessing 30,000 MWd/tonne LWR
fuel with no plutonium recycle.3 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

a Amount
Element (g/liter)
Lanthanides
Lanthanum 0.205
Cerium 0.398
Praseodymium 0.196
Neodymium 0.660
Samarium 0.143
Europium 0.0275
Gadolinium 0.019
Dysprosium 0.0002
Holmium 0.000015
Erbium 0.000005
Group VIIIB
Ruthenium 0.344
Rhodium 0.0625
Palladium 0.228
Group TA
Rubidium 0.0535
Cesium 0.390
Group IIA
Strontium 0.1315
Barium 0.268
‘AOthers
Zirconium 0.585
Indium '0.0002
Yttrium 0.0755
Silver 0.0095
Cadmium 0.0185
Arsenic 0.000015
Antimony 0.002
Molybdenum 0.55
Selenium 0.008
Tellurium 0.0905
Tin 0.008

%Elements in solution of 2.5 M HNOj.

Source: W. D. Bond and R. E. Leuze, Feasibility Studies of

the Partitioning of Commercial High-Level Waste Generated in Spent

Fuel Reprocessing: Annual Progress Report FY-1974, ORNL-5012
(January 1975).
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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 142py in the
inpﬁt 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, 142py (t% = 19.2 hr, 1.6-MeV v) 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 samplee of the
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 anaiyzed 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 normal coustltuent of theé sample or it may be deliberately added in
known quantity. The 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 element could be catimated by tlhe [ullowing
equation:

AR ;

X8
T 100 , (1
W

percent yield of element X =

where AR&S and ARxw are the abundance ratios of element X in the test

sample and in the original synthetic waste solution respectively. Because
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barium and praseodymium are standard elements, their percent yield calcu-
lated by Eq. (1) is always 100%. Corrected values for percent yield of
an element could be calculated by multiplying the value obtained from

Eq. (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 Vere 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
142py 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.
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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 numerical
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
conditions 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 um 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 concentration 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 improved 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 residence times and the lewer mixing
powers or by using the higher mixing powers at anonf the residence times
tested.

The highest and lowest yieids 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. Experimentzl conditions and product yields for the continuous precipitation
of rare earth oxalates using one STR

Liquid residence Reactor Oxalic acid Product yield (%)
Experiment time per reactor tenperature concentration in STR Mixing power Settler 12-um S5-pm 1-yum
number (min) c) o (W/liter) filter filter filter
A-15 16.0 27.3 0.21 1.61 x 10-2 15.2 30.7 66.1. 76.1
A-16 36.1 27.2 ’ 0.22 1.91 x 10} 7.4 77.9 80.1 82.6
A-17 36.1 52.4 0.22 2.33 x 1072 48.7 38.7 47.8 57.0
A-18 16.0 - 52.3 0.21 1.54 x 10_1 40.0 36.2 44.9 50.0
A-19 34.7 27.3 0.32 2.73 x 1072 77.3 77.3 85.2 88.0
A-20 16.2 27.3 0.30 1.80 x 107! 78.4 78.2 83.9 88.2
A-21 16.2 . 52.3 0.30 2.12 x 10_2 47.3 35.5 39.0 45.0
A-22 34.7 55.2 0.32 1.48 x 10-1 54.8 76.7 78.5 86.2
A-23 25.7 39.9 0.26 6.94 x 1072 66.7 76.0 80.5 84.7

A-24 25.7 39.9 0.26 6.66 x 1072 80.9 76.5 81.2 84.9

12




Tabla 4. Experimeatal comditions and product yields for the continuois drecipitation
of rare earth oxalates using two STRs in series

Operatingz conditions Product yield (%)

Liquid Reactor Oxaldc acid Mixiag power Mixing power STR No. 1 STE No. 2

residence tamperature concentration of STR No. 1 of STR No. 2 12-ym S5-um J-ym 12-ym S-um 1-um Settler

time per *C) in STR (W/liter) (W/liter) filter filter Zjltex filter filter filter

Experiment reactor o)

number (min)
B-27 19.9 3€6.4 0.20 1.83 x 10_2 2.17 x 10-2 41.2 57.7 78.2 58.8 65.8 71.1 46.2
B-28 40.1 3€.2 0.20 2.02 x 107! 2.38 x 1072 70.1 72.6 77.0 81.9 83.1 84.3 77.7
B-29 40,1 35.3 0.20 2.44 x 10_2 1.68 x 10_l €1.9 70.8 75.9 84,1 B4.6 87.5 76.3
B-30 19.9 36.3 0.20 1.93 x 107" 1.84 x 107! 40.6 54.5 6%.7 74.4 78.4 81.6 62.5
B-31 39.0 35.3 0.29 2.12 x 1072 2.61 x 1072 71.3 75.9 73.7 90.8 91.1 92.2 85.1
B-32 20.0 35.9 0.29 1.32 x 107! 1.97 x 1072 5.9 64.1 72.2 75.8 78.2 77.9 68.7
B-33 20.0 36.0 0.29 2,28 x 10_2 1.74 x 10_l 68.9 80.2 36.9 86.7 88.9 91.3 81.8
B-34 39.0 34.7 J.29 1.7¢ x 10-1 1.58 x 10_l 77.7 80.2 35.8 89.5 91.3 91.7 84.0
B-35 29.5 35.7 0.245 5.40 x 10-2 6.61 x 10_2 69.6 73.6 3z.0 86.0 §8.0 89.1 79.3
B-36 29.5 35.5 0.245 7.16 x 1072 5.61 x 1072 71.9 75.7 vc.3 88.5 88.6 90.2 82.6
B-37 29.5 35.1 0.245 7.39 x 1072 -2

7.27 x 10 67.8 74.3 81.8 86.5 87.1 88.4 79.7

[44
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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 39.0 19.9
Mixing power, W/liter
STR No. 1 1.78 x 107" 1.88 x 1072
STR No. 2 1.58 x 107" 2.17 x 1072
Temperature, °C 34.7 36.4
Oxalic acid concentration, M 0.29 0.20
Product yield, 7%
Settler : 84 : 46.2
Filtration
12-ym filter - 89.5 58.8
5-um filter ) 91.3 65.8

l-uym filter 91.7 71.1
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power inputs, and longest residence times. It seems clear from the raw
data (Tables 3 and 4) that up to about 90% recovery of the lanthanide
oxalates can be accomplished using two STRs in series. However, the high
yields obtained with two STRs is in part an -effect of residence time
because total residence times were generally higher in the two-tank system.
In an actual process, centrifugation would be the preferred method of
separating the precipitate because a significant fraction of the precipi-
tate particles (or agglomerates) are less than 12 ym in diameter.

Because these were the first experiments performed with coutinuotis
oxalate precipitation, additional work should resull in more acgurate
results and a better wnderstanding of process variables. A fully developed
process should provide a high assurance of meeting separation goals without
being unduly sensitive to process variables.

Elemental analyses of the oxalate precipitates and the sdpernatant
liquids were made using the spafk source mass spectrographic method
(Sect. 3.5) in attempts to (1) establish the purity of the rare earth
oxalate precipitate and (2) obtain a mass balance of fission products in
the precipitation step. Results are shown in Tables 6 and 7. Precipitates
were not washed prior to their analysis, The degree of prccipitativu of
rare earths from the original slurries ranged from 50 to 85%. There were
problems in analyzing liquid samples. Values ohtAained from liquid samples
(Table 6) for elements other than the major rare aarths were touv high.

For example, quantities of elements such as zirconium, molybdenum, and
ruthenium were measured to be about 2007 greater than in the original
wasLe. All yield values obtained for trace elements (Table 7) in the
precipitate (antimony, tin, indium, and minor rare earths) have large
uncertalnties associated with them. These uncertainties are larger than
the measured standard deviation shown duc to difficulties in equipment
calibration for trace elemente in the presence of bulk quantities of
certain rare earths. For the unwashed precipitate, the following
approximate amounts (percent of original waste solution basis) of con-

taminants are present:

Zr 5 to 8%
Ba, Sr, Ru, Cs, Pd 0.5 to 1.5%
Ru, Rh, Mo 0.1 to 0.5%



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

4 Liquid associated Liquid from 1-pym
Precipitate from settler with settler precipitate filter system
Element , ()¢ (%)< ' (%)

Praseodymium 100.0b 10.31 = 9.96 6.097 + 2.494
Europium 108.4 £ 17.2 7.990 £ 4.119 26.62 + 17.15°
Neodymium 113.3 = 9.1 5.807 = 2.188 5.402 + 2,812
Barium 0.5925 * 0.2698 lO0.0b lO0.0b
Strontium 1.266 = 0.703 106.7 + 13.1 153.9 + 16.5
Ruthenium - 0.1350 * 0.0469 149.5 £ 29.7 233.2 * 58.0
Molybdenum 0.2375 + 0.0948 141.7 £ 23.5 225.2 * 56.4
Zirconium 5.203 £ 2.148 131.8 + 32.1 229.0 £ 48.3

aPercentages are based on the total quantity of that element originally present in the
synthetic waste (see Sect. 2.5). Percentage listed is the average of several measurements
* the standard deviatioa.

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

cOnly three samples rathar than the usual eight samples.

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

Percentage yieldsa

Synthetic waste
solution composition

Element %) (g/liter)
Lanthanides
Lanthanum 82.2 £ 4.8 0.205
Cerium 77.1 = 15.6 0.398
Praseodymium 100.0 0.193
Neodymium 111 = 10 0.660
Samarium 258 = 52 0.143
Europ Lum 109 = 28 0.0275
Gadolinium 346 * 33 0.019
Dysprosium 424 * 142 0.0002
Holmium 681 + 327 0.000015
Group VIIIR
Ruthenium 0.121 = 0.008 0.344
Rhodium 0.394 = 0,159 N.NA?S
Palladium 1.00 = 0.33 0.228
Group IIA
Strontium 1.21 + 0.67 0.1315
Barium 0.614 * 0.404 0.268
Qroug TA
Rubidium 0.738 1 0.161 0.0535
Cesium 0.563 £ 0.095 0.390
Others
Tellurium 1.69 + 0.74 0.0905
Antimony 6.56 = 5.60 0.002
Tin 17.8 £+ 9,6 0.008
Indium 35.1 £ 25.2 0.0002
Cadmium 1.43 = 0.91 0.0135
Molybdenum N0.267 + 0,090 0.550
Zirconium 7.77 = 3.66 0.585
Yttrium 56.8 £ 14.8 0.0755

a
Average *

the standard deviation of the percentage.

bBy definition, the percentage yield of praseodymium is 100.0
(see Sect. 3.5) and the standard deviation is zero.
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The yield of yttrium was high (v57%), but this was expected because
yttrium is similar in precipitation behavior to the rare earth elements.
Further work needs to be carried out using actual 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 rums.

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; thefefore, a half-factorial statistical design was
chosen.zo‘

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:
Y = Bo + B1X1 + B2Xp + B3X3 + BuXy + B1,2X1Xp + B1,3X1X3 +
81‘,uX1Xl+ + B2,3X0X3 + Ba,uXpXy  + B3,uX3Xy + B1,2,351X0X3 + (2)
B1,2,4X1X2Xy + B1,3,uX1X3Xy + B2,3,4X2X3Xy, + B),2,3,uX1X2X3%, ,

where

0w
ll

constant to be determined,

value of variable - midrange value of variable Z
0.5 x range of variable <

(3)

With this definition, Xi can vary from -1 to +1. For example, if
temperature is to be investigated over the range 25 to 50°C, then
V. - 37.5°C
X =+
temp 12.5°C ’
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where V{ is the vﬁlue of the variable; Xi is defined to simplify analysis
of results. Because each Xi is allowed to vary over the same range of
values, the Bi's are a direct measure of the importance of any single
variable compared to any other variables. Thz 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 B's can be determined:

Bo + B1,2,3,u
2(B1 * B2,3,4)
2(B2 + By 3,4)
2(B3 + B1,2,u)
2(By + B1,2,3)
2(By,2 + B3,y)
2(B1,3 + B2,u)
2(B1>y + B2,3)

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

example, we can determine 2(B8; + B3,3,4). The corresponding variables
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for these B's are X; and X,X3X,; however, X; and X,X3X, can only vary
between -1 and +1. In any reasonably behaved system, it is extremely
unlikely that the third-order cross term B5,3,4X,X3Xy, is more important
than the first-order term B;X;. It is reasonable, therefore, to assume
that 2(By + B2,3,4) is approximately equal to 28; and that Bp,3,, is
small compared to 8;. In effect, an estimate of B; free of second-order
X) terms has been determined. Equally importﬁnt, this estimate of B;
estimates the effect of X; on product yields under a wide range of values
of X5, X3, and X,; that is, B; estimates average effects of X; on product
yield over the range of all other variables investigated, ’

With this type of experiment, terms such as 2(B;,, + B3,y) are more
difficult té interpret. A low value could imply either that both terms
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 XX, or X3X, term is not physically realistic; hence, either

Bi,2 or B3,y 1s zero.

4,2.2 Results of the factorial analyses

Tables 8, 9, and 10 report the experimentally detcrmined values ol
Bi’ errdr limits, definitions of Xi’ and ranges of the variables for
three systems and four solid-liquid separations per system. Table 8 lists
the product yield values of B 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 Bi in these tables:

l. Increased system temperature decreases product yield. In the
single=STR experiments (Table 8), the system temperature was varied from
25 to 50°C. 1In all cases for all liquid-solid separation deviées, the
temperature coefficient of product yield, 2(B; + B;,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. 1In Table 10, which illustrates this point well,
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Table 8. Values of B for éingle—STR system

Variable Variable definition Low value High value.
X, (Vy) Time (min) 15 30
X2 (V3) Temperature (°C) 25 50
X3 (V3) Rotor speed (W/liter) 2.1 x 1072 1.7 x 107
Xy (Vy) Oxalate concentration (M) 0.196 0.285
Method of solid-liquid separation

B (%) Settling tank 12-um filter S-um filter l-um filter
Bo + B1,2,3,4 56.1 56. 65.7 71.6
2(By + B2,3,u) 21.9 22. 14.4 13.7
2(By *+ B1,3,4) -11.9 -19. -26.3 -24.2
2(B3 + B1,2,4) 18.0 21. 12.3 10.1
2(By + 81,2,3) 21.6 21. 11.9 10.5
2(31’2 + 83’4) -8.7 -0. 6.8 10.6
2(81,3 + 82,'-0) -9:9 -2. 0.5 . 1.7
2(81,4 + 82’3) -13.6 -2, 6.0 6.8
90% confidence limit +45.0 +1. +2.5 +0.8
95% confidence limit +90.6 +7. +5.0 +1.5
99% confidence limit +454.0 +14. +25.1 7.7




32

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

Variable Variable definition? Low value High value
Xy (V) Time (min) 20 40

Xy (V) Rotor speed STR No. 1 (W/liter) 2.1 x 1072 1.7 x 107}
X3 (Vi) . Rator speed STR No. 2 (W/llter) 2.1 x 10-2 1.7 « 10=1
Xy (W) Oxalate concentration (M) 0.196 0.285

Method of solid-liquid separation

B”(%) ~ 12-ym filter 5-um filter l-um filter
Bo + B1,2,3,u 62.2 69.5 77.7
2(By + B2,3,u) 16.1 10.8 A
2(By, + 81,3,q) 2.7 -3.3 -5.5
2(B3 + By,2,4) 0.2 3.8 1.8
2(By + B1,2,3) 17.5 11.2 6,9
2(B1,2 + Ra,u) ‘ 4.0 h.4 0.6
2(By1,3 + B2,u) -1.0 -2.6 1.2
2(By,y + B2,3) -9.0 -4.8 -1.1
90% confideuce 1imit +4.3 +2.2 3.0
957% confidence limit +6.3 +3.3 4,5 .
99% confidence limit +14.5 7.5 +10.3

All runs were conducted at v35°C.
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Table 10. Values of B for second STR of two-STR system

Variable Variable definitiona ' Low value 'High value
X; (Vy) Time (min) ' 20 . 40

X (V3) Rotor speed STR No. 1 (W/liter) 2.1 x 1072 1.7 x 107!
X3 (V3) " Rotor speed STR No. 2 (W/liter) 2.1 x 1072 1.7 x 107}
Xy (Vy) Concentration (COOH), (M) 0.196 0.285

Method of solid-liquid separation

B (%) Settling tank  12-ym filter 5-ym filter 1-ym filter
By + B1,2,3,4 72.8 80.2 82.7 84.7
2(81 + B2,3,4) 16.0 12.7 9.7 8.5
2(By + B1,3,4) 0.9 0.3 0.2 -1.7
2(B3 + B1,2,4) - 6.7 6.9 6.2 6.7
2(By + B1,2,3) 14.2 10.9 9.4 7.1
2(B1,2 + B3,u) -0.7 -2:1 '~0.8 -0.2
2(B1,3 + B2,u) -8.0 ~-6.4 5.4 "=5.3
281,y + B2,3) 6.7 -3.7 -2.1 -1.1
90% confidence limit +3.7 +2.7 1.6 *+1.9
95% confidence limit 5.5 +4.,0 +2.3 £2.8
99% confidence limit +12.7 *9.2 25.4 +6.4

%A11 runs were conducted at ~35°C.
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the reactor residence time coefficient, 2(B; + B2,3,4), varies from 16.0%
for settler solid-liquid separation to 8.5% for l-um filter solid-liquid
separation. This improvement in yield results from doubling the reactor
residencé time (from 20 to 40 min). The smaller improvement in product
yield for the higher performance l-pm filter is expected because after an
initial crystallization period, longer residence times aid in growing
larger crystals but do not significantly change the total weight of all
precipitates in the slurry. The 1l-um filter catches most of the precipi-
tate. The settler, however, requires longer times for larger crystals
to form. Note that due to radiation damage considerations, it may not
always he feasihle to go to longer rcoidcnce times.

3. In a two-tank system, the stirrer speed (power input) into the
first STR does not significantly affect product yield. 1In Table 9,

2(B, + 81’3,4) estimates the importance of stirrer speed on product yield.
At the 90% confidence level, the effect of stirrer speed on product yield
varies from 2.7 * 4.3% for the 12-um filter to -5.5 * 3.0% for the l-um
filter. The statistical error limits are almost equal to the effect being
analyzed, which implies that this variable does not statistically affect
product yield within the range of values investigated.

4, Increasing the rotor speed (power input) for STR No. 2 improves
product yield for the two-tank system. The factor 2(B3 + Bl’z,q) is a
measure of the importance of stirrer speed. Increasing stirrer speed
from 2.1 x 10 2 W/liter to 1.7 x 10" ! W/liter improves product yield by
6.7% for solid-liquid separation by both settler and l-um filter, as
shown in Table 10 for the two-tank system. ‘

5. Increasing oxalic acid feed concentration improves product yield
as measured by the factor 2(8, + B1,2,3). For example, Table 10 shows a
14.2% product yield improvement for the settler and a 7.1% product yield
improvement for the l-um filtuer when the oxalie acid feed couucentration
is increased from 0.3 to 0.45 M.

6. The settler is a poor solid-liquid separation device compared
to filters. Bg + 81’2,3’4 is a measure of the average product yicld under
all operating conditions. This factor is consistently lower for settlers

in all tables than comparable values for filters.
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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-ym filter. These statistical
estimates were obtained by conducting identical experiments and measuring
the product yields. If a piece of equipment is well behaved, duplicaté
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-um 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(B;,3 + B2,4), where B, 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, B3,y is
the interaction between rotor speed in the first STR and og?lic acid
concentration. Higher oxalic acid concentration should nucleate more
crystals with higﬁer 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
Y =8g + B1X1 + B3Xa + BuyXy + 82'.:*}(2}{1.{y . 4)

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 to conf[irm their validity.
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4.3 Least Squares Analysis of Data

The data from the experiments using two STRs were also analyzed by
- a least squares technique in which the data were fitted to .a linear

equation of the form

Here, Y is the'pe;cent product yield, ag through a, are constant coeffi-
cients, and V; through Vi are variables. Fifteen variahles were conocidered,
including reactor residence time, stirrer power to STR No. 1, slirrer powetr
to. 8IR Nu. 2, oxalic acid concentration, the oroos products uf these
variabies, the squares of these variables, and time (¢) represented in the
formve't. The data were anglyzed using the SAS.76 computer program.21
A description of the.program and details of the.data analysis are given
in Appendix C.

The computer program fitted the data to all possible combinations
of the above_using one, two, three, and four variables at a time. The
program then calculated the R? values for each equation obtained. (&2
is a statistical concept that measures how well an equation represents
the raw data and is commonly called the coefficient of correlation.zz)
The correlation coefficient ranges in value from 1.0 to 0, and no corre-
lation is said to exist when K2 = 0. A correlation among the variables,
according to the test equatipn, is most probable when R? =1, For example,
a value of R? = 0.88 that is obtained using three sets of measured varia-
bles indicates that there‘is only a 12% chance of obtaining R? = 0.88
when no correlation exists. The probability of a true correlation
increasés for a fixed value of R? as the number of sets of experimental
data is increased.2

Table 11 lists the three lcaat squarus equations ﬁhich best represent
product yield from the two-STR experiments with solid-liquid separation
by a 12-ym filter. One observation is self-evident: product yiéld'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-um filter

Equationa Value of R2
One variable
Y = 61.284 + (2.883 x CT) 0.561
Two variables
Y = 59.513 - (6.0 x 10% x ¢~ %) + (112.009 x COOH) 0.759
Three variables
Y = 56,105 + (1.1631 x 103 x COOH) - (6.4938 x 10° x e_t) + (2.4170 x 102 x W22) 0.881

%ihere Y = product yield, %; CT = oxalic acid concentration x time, moles-.min/liter; ¢ = time, min;
COOH = oxalic acid concentration, moles/liter; W22 = power to STR No. 2 squared, (W/liter)2.

LE
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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 more 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. i
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 M oxalic acid solu-
tion which also contained 0.15 E.HNOQ and (2) 5 ml of a synthetic waste
solution containing 1.8 g/liter of rare earths, other fission products,
and 2.4 M HNO3. 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-ml
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

Settling velocity (cm/min)a

. - From 15 to 13 ecm®  From 13 to 11 cm® From 11 to 9 cm®
No. Feed composition .
mark mark mark

1 Complete synthetic waste 0.733 : 1.808 0.685

2 Neodymium only, equivalent 2.07 1.68 1.62

’ concentration ’ :

3 Zr only No precipitate No precipitate No precipitate

4 Lanthanides + Ru 1.05 _ 1.85 1.36

5 Lantaanides + Ru + Zr 1.59 . 1.91 1.72

6 Lanthanides + Ru + Zr + Ba 0.378 0.310 0.264
7 Lanthanides + Ru + Zr + Sr° 0.294 - 0.264 0.353

8 Ba + Sr only No precipitate No precipitate No precipitate

aSettling velocities were measured by

settled in a graduated cylinder.

following the clear-particulate interface as the particles

~

6¢€
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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 éomplete 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 are rods with
a length to diameter ratio of 5 and a rod length of about 0.001 in.

(2.5 x 10°%

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

cm). Many crystals are formed imperfectly with faulted crystal

examination is shown to be a cluster of 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-

tion 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 sufficient 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-=
tion.

5. The density of the precipitate is about 2.0 g/cm3. This is
calculated assuming a settling velocity of 0.75 cm/min, room temperature
operation; spherical crystals with a diameter of 6.0 x 107" in.

(1.5 x 107!

is a great deal of uncertainty in this calculation.

cm), viscosity equal to water, and use of Stokes law. There

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
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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 10 2 g of barium per MWd and 2.7 x 1672 g of strontium per
MWd, compared to 4.15 x 1072 g of barium per MWd and 1.59 x 102 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 LMFBR 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. 1In all cases the solids were easily removed by dissolution in
3 M 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
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.
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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.

ORNL-PHOTO 1701-78

Fig. 9. Oxalate crystal.



43

ORNL-PHOTO 1700-78

¥

Fig. 10. Oxalate crystal.
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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 907 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 from the larger concentrations vl rare earths in HLW. How
high levels of radiation affect the process onperability 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 from 25 to 50°C.

2. Precipitations carried out using two STRs in series gave higher
yields of precipitate than did the single-STR system. In addition, the
performance of the series of two STRs was lese affccted by upsels 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 um diam) are filterecd
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. UStirrer speeds (i.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
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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
confirm this observation.

2. Effects of changes in mixing power applied to impellers were
difficult to interpret except by a statiétical 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. 1In 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 solutioms.

7. After completion of above items 1 through 6, experiments should
be performed using actual, rather than synfhetic, wastes. The effects
of radiolytically generated CO, (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.
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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 contains more detailed drawings and photographs of
the experimental equipment than those used in the text. The titles are
self descriptive. Prior to photographing the equipment, some of the
insulation and lead shielding for the detectors was removed to provide

a better view.
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Fig. A.1l. Components of experimental apparatus for single-STR
experiments with continuous oxalate precipitation.
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ORNL-PHOTO 3901-77

& ‘;.,,.

Fig. A.2. Actual equipment setup for single-STR experiments with
continuous oxalate precipitation.
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Fig. A.3. Components of experimental apparatus for continuous
precipitation studies using two STRs in series.
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ORNL-PHOTO 4519-77

Fig. A.4. Actual equipment setup for experiments using two STRs
in series.
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ORNL-PHOTO 3483-77

)

Fig. A.5. Stirred tank reactor.



Fig. A.6.

Impeller.

ORNL-PHOTO 3484-77
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Fig. A.7.

Settler and stirred tank reactor.
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Appendix B. DATA FROM CHEMICAL ANALYSIS

In many experiments, detailed chemical analysis of the precipitate
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.1 Other Experiments

In addition to the run numbers prefixed by A and B (sée Tables 3
and 4), a considerable number of runs were made in series labelled O and
C. Chemical analysis of solids and liquids from these experiments were
compléted; 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 pfocedures,
équipment, and analyseé for the single-STR apparatus before éarrying out
the Series A experiments. Because the purpose of.Series‘O experiments
Was to debug procedures and equipment, no radioactive tracers Wefe used;
therefore, the fraction of rafe 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.
The suvllds and 1liquids generated by the Series U experiments were analyzed

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

B.2 Chemical Analysis
Various so0lid and liquid samples from the experiments were chemically
analyzed by spark source mass spectrometry (Sect. 3.5). Table B.2Z 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.
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Table B.1l. Operating conditions for Series 0 experiments

, Liquid residence time Reac:or temperature Oxalic acid =cncentration Mixing power
Run No. per reactor (min) (°6) in stripper (M) (W/liter)

5 22.3 . 27.25 0.212 1.74 x 107}
' ‘ (254 rpm)

6 10.1 26.85 0.1¢7 . 3.23 x 1072
: (145 rpm)

7 22.3 - 54.7) , 0.212 1.70 x 1072
(117 rpm)

8 10.1 53.5) 0.197 : 1.72 x 107}
(253 rpm)

9 22,4 27.25 . 0.308 3.95 x 10~ 2
(155 rpm)

10 9.8 27.25 0.289 1.81 x 107}

, (257.5 rpm)

11 9.8 52.05 10.28¢ 2.12 x 102
' (126 rpm)

12 22.4 51.10 0.308 1.36 x 10"}
(234 rpm)

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

315
(NPI) pN°D

Power = ———— , where I
gc Pr

g, = 3217 1b- ft/1bf-sec?.

(15) = 5; p = density =1 g/cm3; N = rev/min; D = impeller diam = 2.125 in.;

[4°)
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Table B.2. Sources of samples listed in Tables B.3 through B.9

lable Sample source

B.3 Precipitate from bottom of settler, liquid in contact
with precipitate during entire experimental run,
Series 0 experiments

B.4 Liquid from exit line of settler, Series 0 experiments

B.5 Precipitate from bottom of settler, Series A experiments

B.6 Liquid from exit line of settler, Series A experiments

B.7 vLiquid from STR No. 1 after filtration by 12-, 5-, and
1-um filters, Series A experiments

B.8 Series B precipitate after filtration by 12—, 5-, and
l-um filters; Series C precipitate from bottom of
settler

B.9 Series B liquid after filtration by 12-, 5-, and l-um

filters; Series C liquid from exit line (see Appendix C)




TabZ=z B.3. Chemical analysis of solid precipitate, Series 0 experinentsa

Spark source mass_spectrcmeter data

Sample No.

Element Feed? Standard”? 5A 5B 6 7 8 9 10 1i 12
Praseodymium 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.CC 109.00 100.00 100.00
Europium 14.25 32.00 28.35 30.96 33.75 31.68 36.21 29.Z5 35.57 37.57 33.12
Neodymium 341.97 540,00 630.00 5G2.00 630.00 624.00 639.00 540.0C 689.00 600.00 540.00
Barium. 138.86 220,00 0.72 0.65 1.08 100.80 1.21 " 1.%€ 2.12 1.15 1.01
Cesium 202.08 400.00 0.41 0.30 0.68 1.01 G.78 0.6& 1.33 1.20 1.62
Molybdenum 284.98 - 129.00 . 0.08 0.11 0.18 0.09 ¢.18 0.2% 0.19 0.17 0.13
Zirconium 303.11 103.00 4.50 4.30 4.50 4.80 7.10 4,50 3.30 5.00 3.60
Strontium 68.14 53.00 0.45 0.34 0.59 0.43 .0.53 0.90 L.06 0.50 0.36

_élculated percentage yields

Praseodymium 100.00 1€0.00 1060.00 100.00 100.00 100.00 102.00 100.00 100.00
Europium 88.59 €6.75 105.47 99.00 113.16 91.al 11%.28 117.19 103.50
Neodymium 1.6.567 111.48 116.67 115.56 118.33 100.00 127.59 111.11 100.00
Barium 0.33 0.30 0.49 45.82 0.55 0.72 J.96 0.52 0.46
Casium 0.10 0.08 0.17 0.25 0.20 0.:7 3.33 0.30 0.41
Molybdenum 0.97 0.09 0.15 0.08 0.15 0.19 0.16 0.14 0.11
Zirconium 4.50 4.30 4.50 4.80 ~ 7.10 4.50 5.30 5.00 3.60
Strontium 0.90 0.68 1.18 0.86 1.06 1.30 2.12 1.00 0.72

aAll values are relative to prasecdymium. It was assumec that all of the praseodymium precioiza:zed.

bS:andard used to calculate percentage yields. Standard is the feed solution for experiments _isted. Feed spark source mass
spectrometer data is the average analysis of the feed sclution based on samples submitted az ciZferesnt times. It became
2vident that there was instrument drift with time; hence percent yields showm in each table are baszd on the analysis of the
Jarticular feed sclution (lakteled standard) whkich was aralyzed simultaneously with samples 5A through 12.

%9



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

Spark source mass spectrometer data

Sample No.

Sanple - Feed Standard 5A 5B 6 7 8 9 10 11 12
Cesiun 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Europium 7.05 5.01 0.68 2.18 1.00 0.65 1.06 0.52 0.20 0.76 0.33
Neodynium 169.24 50.12 6.78 10.00 3.23 1.16 15.00 8.09 4.08 4.40 3.95
Praseodymium 49.49 8.41 0.78 1.27 0.81 0.38 2.25 1.76 0.84 1.04 0.90
Bariun 68.72 57.28 31.33 50.00 29.72 18.63 16.25 47.60 19.18 36.00 39.51
Molybdenum 141.03 21.48 45.22 76.36 35.53 23,22 17.50 76.16 24,48 60.00 133.28
Zirconium 150.01 17.90 32.30 90.90 32.30 27.00 12.50 47.60 20.40 40,00 47.60
Strontium 33.72 10.74 9.37 16.36 9.69 6.48 4.13 13.80 4.69 11.60 11.90

Calculated percentage yields
Cesiun 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Europium 13.57 43,51 19.96 12.97 21.16 10.38 39.92 15.17 6.59
Neodynium 13.53 19.95 6.45 2.31 29,93 16.14 8.14 8.78 7.88
Praseodymium 9.28 15.10 9.63 4,52 26.75 20.93 9.99 12.37 10.70
Bariun 54.70 87.29 51.89 32.52 28,37 83.10 33.49 62.85 68,98
Molybdenum 210.52 355.49 165.41 108.10 81.47 354.56 113.97 279.33 620.48
Zirconium 180.45 507.82 180.45 150.84 69.83 265.92 113.97 223.46 265.92
Strontium 87.24 152.33 90.22 60.34 38.45 128.49 43.67 108.01 110.80

aAll values are relative to- cesium.

It was assumed that no cesium was carried in the oxalate precipitate.
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Table B.5. Chemical analysis of precipitate from settler, Series A expe:imentsa
Spark source mass spectrometer data
Semple No.

Element Feed Standard J 153 "16J 173 18J 193 203 213 223 233 243
Praseodymium 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 300.00 100.00 100.00 100.00
Europium 14.25 43,85 49.28 41,50 54.67 55.00 35.28 47.25 55.61 41,58 50.05 31.50
Neodymium 341.97 623.90 708.40 647.40 770.00 720.00 616.00 661.50 747.00 63.00 693.00 63.00
Barium 138.86 263.10 2.46 1.18 1.23 0.70 1.46 2.70 1.74 0.97 1.31 0.59
Cesium 202.08 1.14 1.25 1.31 0.50 ¢.90 1.35 0.75 1.93 1.54 0.90
Ruthenium 178.24 3.5.72 0.63 0.48 0.s1 0.19 0.47 0.58 0.25 0.42 0.50 0.18
Molybdenum 284.98 192.94 0.71 0.49 0.41 0.20 0.44 0.72 0.29 0.42 0.46 0.18
Zirconium 303.11 175.40 15.40 8.30 7.70 10.00 5.60 13.50 8.30 4,20 7.70 4.50
Strontium 68.14 64.90 1.11 0.83 0.50 0.43 0.78 1.76 0.83 0.34 0.77 0.32

Calculated percentage yields

Praseodymium 100.00 100.00 100.90 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Europium 112.38 . 94,64 124.58 125.43 80.46 107.75 126.82 94.82 114.14 71.84
Neodymium "115.39 105.46 25.43 117.28 100. 34 107.75 121.68 10.26 112.89 10.26
Barium 0.94 0.44 0.47 0.27 0.56 1.03 0.66 0.37 0.50 0.22
Cesium

Ruthenium 0.20 . 0.15 0.13 0.06 0.15 0.18 0.08 0.13 0.16 0.06
Molybdenum 0.37 0.25 0.21 0.10 0.23 0.37 0.15 0.22 0.24 0.09
Zirconium 8.78 4.73 4.39 5.70 3.19 7.70 4,73 2,40 4.39 2,57
Strontium 1.71 1.238 0.77 0.66 1.20 2.71 1.28 0.52 1.19 0.49

%11 values are relative to praseodymium.
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Table B.6. Chemical analysis of liquids from settler, Series A experimehtsa
Spark source mass spectrometer data
Sample No. .
Element Feed Standard K 15K 16K 17K 1EK 19K 20K 21K 22K 23K 24K

Cesium 145.53

Europium 10.26 16.67 2.53 14.46 0.84 1.67 0.71 0.91 1.33 1.51 0.54
Neodymium 246.27 241.67 20.58 16.87 17.39 15.15 7.85 5.91 14.46 7.42 4.69
Praszodymium 72.02 39.17 4.94 12.05 21.74 3.79 1.67 1.27 3.25 1.30 1.51 1.15
Barium 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Ruthenium 128.36 125.00 158.76 204.85 152.18 242.40 204.68 181.80 132.55 217.40 150.50 130.73
Molybdenum 205.23 83.33 306.43 116.89 100.00 151.50 130.90 118.17 86.76 130.44 99.98 84.59
Zirconium 218.29 83.33, 58.80 120.50 108.70 151.50 119.00 90.90 120.50 108.70 107.50 76.90
Strontium 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 .

Zuropium 15.18 86.74 5.04 10.02 4.26 5.46 7.98 9.06 3.24
Neodymium 8.52 6.98 7.20 6.27 3.25 2.45 5.98 3.07 1.94
?raseodymium 12.61 30.76 55.50 9.68 4.26 3.24 8.30 3.32 3.86 2.94
3arium 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.90 100.00
Ruthenium 127.01 163.88 121.74 193.92 163.74 145.44 106.04 173.92 120.40 104.58
Holybdenum 127.72 140.27 120.01 181.81 157.09 141.81 104.12 156.53 "119.98 .101.51
Zirconium 70.56 144.61 130.45 181.81 142.81 109.08 144.€1 130.45 129.01 92.28
Strontium 112.07 127.60 103.60 123.01 92.41 93.05 102.08 99.75 106.25 97.71

%411 values are relative to barium.

L9



Table B.7. Chemical aralrsis of ligquids after filtrazion, Series A -axpe:imentsa

Spark source mass spectrometexr data

Sample No. .
Element Feed Standarc L 15L 16L 17L -18L - 19L Z0L 21L 22L 23L 24L
Cesium 145.53
Europium 10.26 16.67 2.58 3.00 7.73 1.45
Neodymium 246.27 211.12 20.31 13.13 2..00 139.38 13.33 6.42 4,25 7.79 29.03
Praseodymium 72.02 34,44 2.58 1.92 3.60 27.27 2.28 1.77 1.73 0.82 1.54 5.81
Barium 100.00 100.00 100.00 100.CO 100.00 100.00 100.00 100,00 1€0.00 100.00 100.00 100.00
Ruthenium 128.36 83.3% 154.65 141.40 150.00 287.85 228.02 189.90 1¢7.60 205.50 144,30 306.47
Molybdenum 205.23 55.56 103.10 89.89 90.00 181.80 147.34 120.27 125.85 132.89 96.20 193.56
Zirconium 218.29 55,50 103.10 101.00 109.00 151.50 175.40 126.60 123.50 127.00 96.20 161.30
Strontium 49.07 21.1L 32.99 31.31 30,00 31.82 38.59 36.71 29.64 28.77 32.71 33.87
Calculated percentage yields

Cesium .
Europium 15.48 13.00 46,37 8.70
Neodymium 4.88 6.22 3.95 66.02 6.31 3.04 2.01 3.69 13.75
Praseodymium 7.49 5.58 13.45 79.18 6.62 5.14 5.02 2.38 4.47 16.87
Barium 10.00 100.00 102.09 100.00 100.00 100.CO 100.00 100.00 100.00 100.00
Ruthenium 135.59 169.69 182.01 345.43 273.64 227.89 237.13 246.61 173.17 367.78
Molybdenum 135.57 161.79 161.99 327.21 265.19 216.L7 244.51 239.18 173.15 348.38
Zirconium 135.57 181.79 179.99 272.68 315.70 227.€6 222.28 246.58 173.15 290.32
Strontium 156.28 148.32 142.11 150.73 182.80 173.€<0 140.41 136.29 154.95 160.45

aAJ.l values are relative to barium.
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Table B.8. Chemical analysis of solid precipitates, Series B and Series C experiments

Spark source mass spectrometer data

Calculated percentage yields

- Sample No. Sample No.

Element 278b 348D 41pb 45PD 2780 348D 41pb 45Pb
Praseodymium 100.000 10C.000 100.000 100.000 100.000 100.000 100.000 100.000
Holmium £0.073 £0.036 <£0.167 20.046 912.500 450,000 2087.500 575.000
Dysprosium 0.545 0.336 0.833 0.345 524.038 323.077 800.962 331.731
Terbium 3.455 1.545 5.833 1.092 (3.455) (1.545) (5.833) (1.092)
Gadolinium 36.364 31.818 86.667 26.437 369.365 323.189 880.315 268.532
Europium 56.364 39.091 71.667 57.471 128.538 89.147 163.437 131.063
Samarium 218.182 163.636 316.667 241.373 294.470 220.852 427.391 325.778
Heodymium 727.273 636.364 950.000 747.126 118.468 103.659 154,748 121.702
Cerium 181.818 136.364 138.333 159.770 88.16& 66.126 67.081 77.476
Lanthanum 83.636 90.909 64.167 57.471 78.74G 85.587 60.411 54,107
Barium 2.364 0.864 1.167 0.402 0.899 0.328 0.444 0.153
Cesium 1.273 1.000 0.833 0.184 0.630 0.495 0.412 0.091
Tellurium 1.036 0.545 0.500 0.195 2,209 1.162 1.066 0.416
Antimony 0.109 20.027 10.521 2.606
Tin 1.018 0.455 0.833 0.161 24.560 10.977 20.097 3.884
Indium £0.055 £0.018 52.885 17.308
Cadmium 0.145 £0.055 : 2.073 0.786
Falladium 1.455 0.909 1.667 0.414 1.232 0.769 1.411 0.350
Rhodium 0.164 0.091 0.133 0.057 0.506 0.281 0.411 0.176
Ruthenium 0.400 0.364 20.017 0.127 0.115 0.005
Molybdenum 0.636 0.391 0.333 0.115 0.330 0.203 0.173 0.060
Niobium
Zirconium 18.182 9.091 16.667 11.494 10.366 5.183 9.502 6.553
Yttrium 26.364 18.182 16.667 19.540 67.245 46.376 42,511 49.839
Strontium 1.091 0.473 0.733 0.402 1.681 0.729 1.129 0.619
Rubidium 0.236 0.173 0.150 0.046 0.851 0.624 0.541 0.166
Selenium
Iron 0.036 0.117 0.069 (0.036) (0.177) {0.069)

%411 numbers are relative to praseodymium.

bSamples 27S and 34S are from Series B experiments; samples 41P and 45P are from Series C experiments.
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Table B.9. Chamical analysis of liquids after filtration, Series B and Series > experiments

Spark source nass spectrcmeter data

Calculated oJercentage yields

Sample No. Sample No.

Element 27pD 27qP 342D 34QP 418D 455D 27pD 27QP 3cpb 34QP 41sb 458P
Barium 100.000 100.600 100. 300 100.000 190.000 100.000 100.000 100.000 1€0.000 100.000 100.000 100.000
Gadolinium <8.722 123.018
Europium 2.333 4,167 £1.493 £2,500 23.704 13.995 34.997 8.956 14.997 22.220
Samarium
Neodymium 210.526 22.500 10.417 27.463 £12.500 £14.815 4.356 5.172 4.310 3.088 5.172 6.130
Praseodymium 2.632 2.833 2.083 1.493 2.500 2.963 6.719 7.233 5.318 3.812 6.382 7.564
Cerium 8.421 9.333 5.208 5.075 7.500 10.000 5.670 6.285 3.507 3.417 5.050 6.734
Lanthanum 8.772 10.333 6.250 5.224 8.250 12.222 11.468 13.508 8.171 6.829 10.785 15.978
Cesium 21¢.526 216,667 375..000 149.254 250.000 277.778 144.670 148.890 257.69% 102.565 171.795 190.884
Tellurium 126,316 150.000 187.500 111.940 217.500 107.407 374.059 444.194 555.24% 331.487 644.082 318.064
Antimony £2.500 335.121
Tin 5.000 £2.985 17.500 167.504 100.000 586.265
Indium 0.500 666.667
Cadmium 15.789 16.667 25.900 14.925 20.000 313.450 330.891 43€.327 296.307 397.062
Palladium 350.877 325.000 447.317 253.731 550.000 296.296 412.433 382.016 52€.497 298.244 646.488 348.276 .
Rhodium 114.035 108.333 137. 500 74.627 162.500 111.111 488.980 464,530 53¢,597 319.999 696.797 476.442
Ruthenium 210.526 195.000 229.167 123.881 £2.500 £7.407 168.421 156.000 133,334 99.105 2.000 5.926
Molybdenum 140,551 121.667 125.200 79.104 272.500 103.704 168.428 146.006 150.005 94.929 207.008 124.450
Zirconium 140.351 125.000 141.667 86.567 130.000 125.926 168.428 150.006 170.007 103.885 156.006 151.117
Yetrium 1.7564 2.333 1.045 2.000 2.593 6.212 8.263 3.701 7.084 9.184
Strontium 36.842 33.333 137,500 26.866 35.000 33.333 130.046 117.660 132.363 94.832 123.544 117.660
Rubidium 64.912 75.000 §9.583 43.284 100.000 66.667 325.162 375.695 448,745 216.821 500.927 333.953
Selenium 4.667 6.250 2.836 9.250 £3.333 156.348 209.380 95.008 309.883 111.658
Zinc 0.526 1.000 2.083 0.746 3.500 (0.526) (1.000) (2.083) (0.746) (3.500)

Copper 0.667 1.667 1.750 (0.667) (L.657) (1.750)
Nickel 1.250 (1.250)
Iron 4,737 1.833 2.500 1.940 6.750 6.667 (4.737) (1.833) (2.530) (1.940) (6.750} (6.667)
Manganese 0.667 (0.667)

Calcium 4,737 3.833 (4.737) (3.833)

Potassium 1.053 1.333 (1.053) (1.333)

Sulfur 10.877 10.000 (10.877) (10.000)

Phosphorus 0.175 (0.175)

Silicon 8.772 10.000 (8.772) (10.000)

Aluminum 1.228 1.667 (1.228) (1.667)

Magnesium 3.509 13.333 (3.509) (13.333)

Sodium 17.544 33.333 (17.548) (33.333)

Boron 0.702 (0.702)

aAll numbers are relative <o barium.

Samples 27P, 27Q, 34P, and 34Q are from Seri2s B experimeats; samples 41S and 45§ are from Series C experlmeats.

0L



g

71

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. In 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.
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Appendix C. LEAST SQUARES FIT OF DATA

The factorial analysis used in these experiments assumes that the
product yield is a linear function of the independent variables. This
assumption greatly aids interpretation of data and is a reasonable
assumption for small changes in any single variable. A question exists,
however, as to whether or not some characteristics of the system have
been hidden by the analysis. By use of a least squares analysis, the
data can be examined from a different viewpoint, and additional insight
can be obtained. This additional analysis was only done for the Series B
experiments (i.e., those experimental runs which used two STRs in series).

The details of this analysis are shown here.
C.1 Least Squares Analysis Used on Data

The data was analyzed by the SAS.76 computer program (see ref. 21,
Sect. 6). This program, which uses a least squares technique, finds the
best linear equation to fit the raw data. For example, if there are
three variables as a function of Y, the program fits the data to all of
the linear equations that are possible with three variaﬁles, as shown in
Table C.1. The program then determines which equation best fits the data.

For the analysis herein, all of the variables listed in the first
column of Table C.2 were considered as independent variables. The variables
included all independent experimental variables and the cross products of
these varlubles. The time variable ET is in the exponential form to allow
time to enter as an eiponential in a linear equation. This was included
because product yield is expected to vary with time in the form 1 - e—t.
The coefficient of correlation, R?, was calculated for each equation and
was used to infer the best fit of the data (Sect. 4,3), Given a fixed
number of data sets, the equation which gives an R? value that is nearest
to unity 1s said to be the best fit.

Table C.3 lists the most important variables to maximize product
yield from STR No. 1 of the experiments that used two STRs (Series B

experiments). For one-, two-, three-, and four-variable linear equations,
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Table C.1. Equations used to
fit data for three variables

One-variable equations

Y = Ao + 41X,
Yy = AO + A-X5
Y = Ay + A3X;

Two-variable equationu

Y = AO + A4xy + A2X2
Y = Ao + A1X1 <+ A3X3
Y =45 + Ar Xy, + A3Xq

Three-variable equation

Y = AO + A X, + A2X2

+ A3X3




Table C.2. Variables for least squares analysis

Varizble abbreviation Variable name Units
Wl Power to STR No. 1 W/liter
T Time min
TMP Temperature °C
COOH Oxalic acid concentration mole/liter
w2 Power to STR No. 2 W/liter
ET Exponential time, 1013 x e—t None
WW Power to STR No. 1 x power to STR No. 2 (W/liter)?
WlT Power to STR No. 1 x time Wemin/liter
W2T Power to STR No. 2 x time Wemin/liter
TTMP Time X temperature min-°C
CT Oxalic acid concentration x time mole-min/liter
CTMP Oxalic acid concentration x temperature mole-°C/liter
cwl Oxalic acid concentration x power to STR No. 1 mole.W/liter?
Ccw2 Oxalic acid concentration x power to STR No. 2 mole-W/liter?
W1TMP Power to STR No. 1 x temperature W-°C/liter
W2TMP Power to STR No. 2 x temperature W.°C/liter
W12 Power to STR No. 1, squared (W/liter)?2
W22 Power to STR No. 2, squared (W/1liter)?
CO0H2 Oxalic acid concentration, squared (mole/liter)?
T2 Time, squared min?
TMP2 Temperature, squared °¢2?

LL



Table C.3.

Best least squares equations for STR No. 1, Seriss B experiments

Number of Sclid-ligquid separatiocn Solic-liquid separation

variables with 12-um filter with 12-um filter

in equation Best variables R? Best variables R?
1 CT 0.5941 TMP2 0.2570
1 TMP2 0.5598 T™MP 0.2564
1 T™P 0.5580 COOH 0.2519
1 ET 0.4889 CT 0.2516
1 cooH 0.4024 W12 0.2503
1 CTMP 0.3902 CTMP 0.2479
2 ET CTMP 0.8565 WlT W12 0.6761
2 ET CoOH2 0.8563 W1T W1TMP 0.6110
2 COOH ET 0.8542 Wl W1T 0.5957
2 ™P TMP2 0.7700 Wl2 CT 0.4848
2 T COOH 0.7685 Wl W1TMF 0.4770
2 COOH T 0.7677 W1TMP CT 0.4671
3 T™MP W_T TMP2 0.8890 W1T W12 CTMP 0.8720
3 WlT E” CTMP 0.8829 W1T Wl2 COOH2 0.8713
3 COCH W.T ET 0.8809 COOH W1T W12 0.8684
3 W1T ET COOH2 0.8797 COCH WLT W1TMP 0.8555
3 TMF TT TMP2 0.8754 W1T W1TNMP ZTMP 0.8549
3 T TMP TMP2 0.8749 CcooH Wl ALT 0.8527
4 TMF WLT Cwl T™P2 0.9866 co0H W1T W12 ET 0.9614
4 Wl THP W1T TMP2 0.9753 W1T W12 ET CTMP 0.9615
4 ™= WLT W1TMP T™MP2 0.9745 W1T w12 ET COOH2 0.9603
4 TME WLT wl2 T™MP2 0.9690 W1T W12 CT Ccoon2 0.9433
4 TT ct CIMP T2 0.9645 coon W1T W1TMP T2 0.9403
4 TT CT COOH2 T2 0.9633 W1T W12 CT CTMP 0.9378

8L
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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-uym filter in Series B
experiments is' ¥ = A4g + (4; x ET) + (4, x CTMP) with an R? value of 0.8565.
The next best equation, Y = 45 + (4; x ET) + (4, x COOH2), has an R2

value of 0.8563. -

Several observations about this approach are noteworthy. Firét,
equations with larger numbers of variables have higher R? values, as would
be expected. Second, in many cases different equations can represent the
data almost equally well. In most.cases, however, equations with equally
good fit have the same basic variables but the form of the variables is
rearranged. -

Aftér 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.10; 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-um filter-as
shown in Table C.7. Here R? 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 CT) , ‘ (c.1)
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 = 779.655 - (0,519 x TMP2) . (C.2)

Equations C.1 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.



Table C.4.

Normalized variables for STR Mo. 1, Series B experimentsa

Raw date variabie

Variable d=finition
Units

[-1, +1] normalized variable

Variable definition

Sigma normalized variablz

Variable definition

Sigma normalized variable

Variable definition

Sigma normalized variable

Variable definition

Wl

Power to STR No.

W/litgr

WiT - 2.8B19
2.602

W1TMP

W1TMP - 3.515

1

2.873

T T™MP COOH ET
Time Temperature Dxalic acid Exponential time
. concentration
min °C mole/liter None
T TMP COOH ET
T - 30 TMP - 37 COOH - 0.25 ET - 1.06 x 10%
10 5 0.05 1.0 x 10"
T T™P COOH ET
T - 29.664 TMP - 38.109 COOH -~ 0.244 ET - 8141.92
8.777 0.236 0.041 11,317.235
T cT CTMP CWl
TT - 1100.34 CT - 7.212 CTMP ~ 9.031 CW1 - 0.023
324.844 2.431 1.472 0.01¢
T™P2 T=2 COOH2 12
‘TMP2 - 1377.14 T2 - 949.955 ZOOH2 - 0.061 W12 - 0.014
17.562 524.655 0.063 0.017

%Ccross terms for raw Jata variables and [-1, +1_ mormzlized variables are obtained by simply multiplying the appropriate

variables together; for example, CTMP = COOH x TMP, end CTMP = COOH x TMP.

For sigma norma’ized variables this procedure

is invalid because tae mean of COOH times the nean of TMP (or zny other variable) is nct the mean (except in special

cases) of COOH x TMP.
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Table C.5.

Normalized variables for STR No. 2,

Series B experimentéa

Rew data variable

Vzriable definition

Units

[-1, +1] normalized variable

Variable definition

Sigma normalized wariable

Variable definition

Sizma normalized wvariable

Variable definition

Sigma normalized wvariable

Variable definition

Wl T T™MP COOH w2 ET
Power to STR Time Temperature Oxalic acid Power to STR Exponential
No. 1 concentration No. 2 time
W/liter min °C mole/liter W/liter None
w1 T THP COOH w2 ET
Wl - 0.09 T - 30 TMP ~ 35 COOH - 0.25 W2 - 0.09 ET - 1.0 x 10"
0.0¢% 10 5 0.05 0.09 1.0 x 10"
Wi T TMP COOH w2 ET
Wl - G.095 T - 29.664 TMP - 35.666 COOH - 0.244 W2 - 0.089 ET - 8141.92
0.007 8.777 G.544 0.041 0.068 11,317.24
W WiT WaT T cr CTMP
WW - 0.009 W1T - 2.819 W2T ~ 2.623 TT - 1055.28 CT - 7.212 CTM? - 8.676
0.012 2.603 2.176 304.26 2.431 1.394
CWl Cw2
CWl - 0.023 CW2 - 0.022
0.019 0.017

aCross terms for raw data variables and [-1, +1] normalized variables are obtained by simply multiplying the appropriate
variables together; fcr example, CTMP = COOH x TMP, and CTMP = COOH x TMP.
invalid because the mean of COOH times the mean of TMP, for example, is not the mean of COOH x TMP except in special cases.

For sigma normalized variables this procedure is

18



Table C.6. L2ast squares ejuation coefficients of product yield (%) of STR No. 1,
- Ser-es B experiments, with solid-liquid separation by l-pm filter

i

normalization

Raw data
fit norma_ization

Raw date [-1, +1] . Sigma
fit - normalization normalization

RZ
Intercept
TMP2

RZ
Intercept
TMP

RZ
WIT
W12
Intercept

RZ
Intercept
W1T
W1TMP

One—variable models

0.257 0.316 D.267
324,906 81.354 73.885
-0.179 -1103.723 -3.141
0.256 0.256 0.256
570.918 80.532 73.585
-13.267 -66.336 -3.137

Two-varizble models

0.676 0.715 0.676
3.344 5.052 78.585
-630.699 -6.344 8.706
78.227 83.062 -19.810
0.611 0.616 0.611
82.235 78.574 78.585
3.238 4,269 8.430
-3.636 -55.108 -10.448

R2
Intercept
CTMP

W1T

W12

R2
Intercept
W1T

w12

COOH2

RZ
Intercept
CooH

W1T

w12

ET

R2
Intercept
W1T

W12

ET

CTMP

Three-variable models

0.872 0.876 0.872
61.148 82.694 78.585
1.871 74.751 2.754
3.305 4.949 8.605
-610.642 -2.993 -10.467
0.871 0.721 0.871
69.648 83.319 78.885
3.302 5.041 8.597
-612.731 -5.608 -10.502
138.753 -1.647 2.746

Ffodr-veriable models

0.961 0.914 0.961
57.862 82.092 78.585
67.574 3.309 2.752
5.389 4.915 14.030
-920.637 -4.904 -15.780
0.0002830 -0.875 3.214
0.961 0.883 . 0.961
57.518 82.324 78.585
5.369 4.822 13.978
~917.777 -2.672 -15.731
0.0002731 ~0.525 3.147
1.867 72.760 2.749
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Table C.7.

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

Raw data [-1, +1] Sigma " Raw data [-1, +1] Sigma
fit normaZization normalization fit normalization normalization
One-variable nodels Three-variable models

R? 0.594 0.183 0.594 P2 0.889 0.884 0.889

Intercept 36.379 64.131 64.264 Intercept -182326.467 72.652 64.264

CT 3.867 -6.%98 9.398 TMP 9862.029 -34.533 2331.888
W1T 1.626 4.969 4,235

g2 0.559 0.7€6 0.554 TMP2 -133.309 -3063.427 -2341.138

Intercept 779.655 72.757 64.264

T™MP2 -0.519 -3385.093 -9.123 R? 0.883 0.851 0.883
Intercept 21.336 68.410 54.264
W1T 0.783 2.815 2.040
ET -0.0007 -5.223 -7.864
CTMP 5.135 178.891 7.558

Two-variable models Four-variable models

B2 0.857 0.815 0.857 R2 0.987 0.920 0.987

Intercept 24,878 68.270 64.264 Intercept -172363.289 72.905 64,264

ET -0.0007359 -5.596 -8.329 TMP 9329.905 -47.415 2206.067

CTMP 5.025 175.438 7.395 W1T 4.009 4,872 10.438
cwl -388.428 ~3.030 -7.363

R? 0.855 '0.576 0.856 TMP2 -126.203 -3102.254 -2216.348

Intercept 47.5%4 68.115 64.264 ’

ET -0.0007371 -6.391 -8.342 R? 0.975 0.918 0.975

COQH2 . 373.575 -8.132 7.393 Intercept -157,574.2 72,935 64.264
Wl -105.408 2,671 -8.138
™P 8527.088 -25.138 2016.240
W1T 4.369 5.033 11.374
TMP2 -115.309 -3313.433 -2025.028
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Teble C.8. Least squares mcdel for STR No. 2, Series B experiments

Number of

variables Solid-liquicd separation with 12-ym filter Solid-liquid sepzration with 12-ym filter
in equation Best variables R? Best variables R2
1 CT 0.5614 CT 0.5080
1 TMP2 0.5434 ™P2 0.4906
1 TMP 0.5391 ™P 0.4874
1 ET ’ 0.5219 ET 0.4546
1 T 0.3523 T 0.3081
1 TTMP 0.2314 TTMP 0.2878
2 ET CTMP 0.7522 ET CW2 " 0.7461
2 COo0Rn ET 0.7593 CT CW2 0.6824
2 ET COOH2 0.7590 CT W2TMP ’ 0.6672
2 TMP TMP2 0.7037 2 CT 0.6638
2 ET Cw2 0.6974 ET W2TMP 0.6580
2 T COOH : 0.6455 ET CTMP 0.6563
3 ET CTMP W2TMP 0.8954 Wa2T ET CW2 0.8951
3 ET CTMP W22 0.8926 ET CTMP W2TMP 0.8876
3 W2 ET CTMP 0.8912 W2 ET " CTMP 0.8818
3 cood ET W2TMP 0.3834 ET CTMP w22 0.8787
3 ET W2TMP COOH2 0.3808 COOH ET 'W2THP 0.8758
3 COOH ET ‘W22 0.3805 ET CTMP ZWZ 0.8742
4 W2 ET W2TM? COOH2 0.9761 w2 ET ZTMP W2TMP 0.9763
4 w2 . ET CTMP W2TMP 0.9760 w2 ET W2TvP COOH2 0.9752
4 [e]0 W2 ET W2THP 0.9745 COOH W2 ET W2TMP 0.9747
4 W2T ET CTMP w22 0.9682 W2T ET CTMP W22 0.9719
4 cood W2T ET w22 0.9649 W2T ET CTMP W2TMP 0.9709
4 W2T ET COOH2 w22 0.9633 W2T ET W2TMP COOH2 0.9706
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Table C.9.

Least squares equation coefficients of product yield (%) of STR No. 2,

Series B experiments, with solid-liquid separation by 12-um filters

Raw data [-1, +1)] Sigma Raw data [-1, +1) Sigma
fit normalization normalization fit normalization normalization
One-variable models Three-variable models

R? 0.5€1 0.078 0.561 R2 0.895 0.926 0.895

Intercept 61.285 82.009 82.075 Intercept 52.938 82.887 85.075

CT 2.883 -3.212 7.007 ET -0.0006506 -6.236 -7.363
CTMP 3.447 28.130 4.806

B? 0.545 0.695 0.543 W2TMP 1.427 25,111 3.457

Intercept 308.562 89.897 82.075

TMP2 -0.178 -271.408 -6.893 R2 0.893 0.859 0.893
Intercept 54.375 77.713 82.075
W22 251.093 9.775 3.488
ET -0.00067958 -7.244 -7.691
CTMP 3.480 35.464 4,851

Two-variable models Four-variable models

R2 0.762 0.787 0.762 R? 0.976 0.776 €.976

Intercept 58.472 82.898 82.075 Intercept 66.585 84.439 82.075

ET -0.0006057 =5.439 -6.854 W2 -2168.742 0.145 -147.186

CTMP 3.289 31.909 4.585 ET -0.0008662 -6.101 -9.803
W2TMP 62.283 28.103 150.864

R? 0.759 0.75% 0.759 COOH2 299.424 -5.003 5.925

Intercept 59,513 81.721 82.075

ET -0.0006 -5.794 -6.557 Rr2 0.976 0.926 0.976

COOH 112.009 5.6004 4.561 Intercept 48.387 82.890 82.075
W2 -1955.059 0.189 ~-132.684
ET -0.0008690 -6.246 -9.835
CTMP 4,171 28.043 5.816
W2TMP 56.357 25.959 136.510
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Table C.10.

Least squares equation coefficients of product yield (%) of STR No. 2.

Series B experiments, with solid-liquid separation by l-un filters

Raw data [-1, +1] Sigma Raw data [-1, +1] Sigma
fit normalization normalization fit normaLization normalization
One-variable modzls Three-variable models

R? 0.508 0.229 0.508 R2 0.895 0.604 0.895

Intercept 71.840 85.899 85.927 Intercept 86.697 85.062 85.929

CT 1.953 -1.381 4.748 ET -0.0005948 -4,202 -6.732
CW2 501.965 -0.462 8.475

R? 0.491 0.388 0.491 W2T -2.582 -3.510 -5.617

Intercep= 239.232 90.989 85.927 _

TMP2 -0.120 -177.674 -4 ,6€6 R? 0.888 0.892 0.888
Intercept 65.385 86.398 85.927
ET -0.0004447 -4.363 -5.033
CTMP 2.295 16.670 3.200
W2TMP 1.340 22.963 3.245

Two~variable models Four-variazble models

R? 0.746 0.456 0.74€ R? 0.976 0.895 0.975

Intercept 84,820 85.180 85.927 Intercept 61.984 86.385 85.927

ET -0.0004326 -3.978 —4.8¢8 w2 -1460.694 0.814 -99.137

cw2 214.3 -0.411 3.62C ET ~0.00060731 -4.319 -6.830
CTMP 2.836 17.045 3.955

R? 0.682 0.029 0.68z W2TMP 42.380 19.303 102.5654

Intercept 68.783 85.894 85.9z7

CT 1.883 -1.389 4,57€ R? 0.975 0.799 0.676

CW2 165.083 -0.243 2.78% Intercept 74.382 87.700 85.927
w2 -1603.764 1.255 -108.843
ET -0.0006057 -4,132 -6.856
W2TMP 46.346 19.405 112.263
COOH2 203.191 -3.637 4,021

iy
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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 [-1, +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, TMP is 34.355, WIT is 4.869, and TMPZ is 3063.427. The equation

1s written as:

Y = 72.652 - (34.533 x TMP) + (4.969 x WIT) - (3063.427 x T™PZ) . (C.3)
Y is defined as the percent product yield. The other terms are

defined in Table C.4 as:

ne = S22 . (C.4)

— _[W1l - 0.09 T - 30 :
WIT = (——Btag———) X (——Ia——> , (C.5)

2
‘(FEEL§-21> . (C.6)

In the experiments, the temperature varies from 32 to 42°C (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 W/liter with an operating
range of 0.18 W/liter. 1If the values of any of these variables are put
into Egqs. (C.4) to (C.6), the redefined variables vary from -1 to +1 oﬁer the
experimental range. By examining Eq. (C.6), it can be clearly seen that of
the variables investigated, TMP2 (the temperature squared) is by far the
most important. In contrast, the coupled effect of stirrer speed x reactor
residence time is seen to be 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
o

Bl

N (€c.7)
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where
X = variable to use in equations with coefficients listed in
Tables C.6, C.7, C.9, and C.10;
X = experimental value of variable;
Xmean = average value of variable X in a series of experimental runs,

¢ = 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 is
on an equal basis. If particular variables were not held to
their exactly desired value in some experiments, this type of
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 prpduct yield.
In Table C.3, temperature is the most important one-variable parameter.
This is particularly significant because unlike Series A experiments,
Series B experiments had "constant temperature.” In effect, temperature
controller noise became the dominant variable. Because [TMP]2 is more
significant than [TMP] and because the coefficient of [TMP]2 1s negative,
Iincreasing temperature rapidly decreases product yield. Near the operating
temperature of 35°C, a rise in temperature can cause a major reduction in
product yield. _

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

in three forms — T, T2, and e—t. The form e_t produced the best correlations,

as shown in Table C.3.
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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. Temperatﬁre 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

variable form 1 - e_t or t2.
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Appendix D. HOMOGENEOUS PRECIPITATION WITH
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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.1l, and the main reac-
tion vessel is shown in Fig. D.2. 1In 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 1s 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.l1 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 l-um filters (41.1 to 73.9%Z). 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 at
higher temperatures. The considered explanation of these results is as
tollows. Diethyl oxalate requires time to dissociate; hence,&ith greater

times, more oxalic acid is formed with higher product yields. Diethyl
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Table D.1. Initial experimeantal conditions and prcduct yields obtained

in the homogen=ous precipitate experimente

Experimentzl number

41 42 43 44 45
Experimental conditiors
Residence tine in reactor (min) 60 90 90 60 120
Temperaturz at top of column (°C) 60 60 79.45 79.45 60
Temperaturz at bottcm of column (°C) 30.2 28.8 30 32.6 26.9
Teed rate (cm3/m) 155531 10.19 10.1¢ 1531 Vo
Water rate (cm3/m) 27.08 18.55 18.55 27.08 14.58
Diethyl oxalate rate (cn3/m) 1.67 1.08 1.08 1.67 0.85
Equivalent (COCH), concantration (M) 0.31 0.31 0.31 0.31 05531
Product yielc (%)
12-pm filter 5.68 11.24 281 7.49 -15.11
5-pym filter 21.84 51.17 34.39 60.24 71.27
l-pym filter 41.11 69.60 71.52 73.93 75411
Exit strean 1513 1231 171 15.84 1022
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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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