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METHODS OF CHEMICAL ANALYSIS FOR FBR URANIUM-PLUTONIUM

OXIDE FUEL AND SOURCE MATERIALS

Edited by

James E. Rein, George M. Matlack, Glenn R. Waterbury,

Robert T. Phelps, and Charles F. Metz

ABSTRACT

Twenty-four methods are given for the chemical specification analysis
of FBR uranium-plutonium mixed oxide fuel and uranium dioxide insulator
pellets, and for the source materials of ceramic grade uranium dioxide and
plutonium dioxide used for their manufacture. The methods include dissolution
procedures, uranium and plutonium assay, uranium and plutonium isotopic
abundances, metal and non-metal impurities, and other specifications relating
to total gas, water, and the oxygen-to-metal ratio.

INTRODUCTION

This report provides methods for the chemical
analysis of materials that are used in the manufacture of
uranium-plutonium mixed oxide fuel for fast breeder re-
actors (FBRs). The work represented in this report was
sponsored by the AEC Division of Reactor Development
and Technology (DRDT) in support of the development of
mixed oxide fuels for FBRs. More specifically, it
directly supports the analytical chemistry development
program for the characterization of mixed oxide fuels
for the AEC's LMFBR/FFTF Project which is under the
management of the WADCO Corporation at Richland,
Washington.

Table I summarizes the current chemical specifi-
cations for the fuel and source materials of the LMFBR/
FrrE. (%)

been applied to materials having these specifications.

The methods presented in this report have

In general, these methods also apply to the chemical
(5]

specification analysis of uranyl nitrate solution and

(6]

plutonium nitrate solution, two possible source mate-

rials that may be used in the manufacture of FBR mixed
oxide fuel.

The special calibration materials discussed in the
methods are available only to those laboratories partici-
pating in the LMFBR/FFTF program. Further informa-
tion concerning these calibration materials is given in
Ref. 7.

{1] RDT Standard E13-1 "Fast Flux Test Facility Ceram-
ic Grade Plutonium Dioxide' (October 1970).

{2] RDT Standard E13-2 "Fast Flux Test Facility Ceram-
ic Grade Uranium Dioxide'! (October 1970).

(3] RDT Standard E13-6 "Fast Flux Test Facility
Driver Fuel Pin Fuel Pellet” (October 1970).

(4] RDT Standard E13-7 "'Fast Flux Test Facility Driver
Fuel Pin Insulator Pellet” (October 1970).

[(5] RDT Standard E13-3 "'Fast Flux Test Facility
Uranyl Nitrate Solution' (October 1970).

(67 RDT Standard E13-4 "'Fast Flux Test Facility
Plutonium Nitrate Solution’ (October 1970).

(7] RDT Standard ¥2-6 "Qualification of Analytical
Chemistry Laboratories for FFTF Fuel Analysis'
(July 1970).




TABLE [

CURRENT CHEMICAL SPECIFICATIONS FOR LMFBR/FFTF FUEL MATERIALS [1-%]

Specification

Maximum Values (Unless Otherwise Stated)

Ceramic Grade

Ceramic Grade (a]
Uranium Dioxide Plutonium Dioxide

Mixed Oxide Insulator
Fuel Pellets Pellets

1.

10.

11.

Plutonium Iso-
topic Composi-
tion, wt %

239 + 241

241

238

sum of others
except 240
240

. Uranium Iso-

topic Composi-
tion

. Total Plutonium

Content,
wt %

. Total Uranium

Content

. Americium,

wt % of Plu-
tonium

. Carbon, pg/g
. Chlorine, ug/g
. Fluorine, ug/g

. Nitrogen (as

Nitride), pg/g

Phosphorus,
ug/g

Sulfur, ug/g

. Metal

Impurities,
ug/g

Al

B

Be

Ca

Not applicable

Natural;
0.71+ 0.05
wt % 235y

Not applicable

Minimum 86.6
wt % on dry
basis

Not applicable

150
25
25

200

50

300

500
10
20
100

88.0 = 0.5
2.5
0.15
0.35

balance

Minimum 85.0
at time of
packaging
Minimum 87.5

after heating
to 950°C

2000 pg/g

0.25

200

50

200

200

300

250
10
20

500

Not applicable

88.0 £ 0.5
2.5
0.15
0.35

balance
Natural,

0.71 £ 0.05
wt ¢ 235y

Natural;
0.71 % 0.05
wt % 235y

+ 3.5% of
nominal
value for
individual
pellets and
+ 1. 0% of
nominal
value for
lot average

Not applicable

+ 1% relative None given
of actual

uranium
content
0.25 Not applicable
150 200
20 20
10 10
200 200
100 100
300 300
500 500
20 20
20 20

250 250



TABLE |
CURRENT CHEMICAL SPECIFICATIONS FOR LMFBR/FFTF FUEL MATERIALS

Maximum Values (Unless Otherwise Stated)
Ceramic Grade Ceramic Grade Mixed Oxide Insulator

Specification Uranium Dioxide Plutonium Dioxide (2] Fuel Pellets Pellets
12. Metal Impuri-
ties, ug/g
cd 20 20 20 20
Co 10 20 20 10
Cr 200 200 250 250
Fe 400 350 500 500
K 200 200 200 200
Li 10 10 10 10
Mg 25 100 25 25
Na 500 300 500 500
Ni 400 300 500 500
Ta 400 400 400 400
W 100 100 100 100
\'% 400 200 500 500
Sum of Cu, Si, 800 800 800 800
Ti, Zn
Sum of Ag, Mn,
Mo, Pb, Sn 200 200 200 200
Sum of Dy, Eu,
Gd, Sm 100 100 100 100
13. Gas, STP None given None given 0.09 0.09
ce/g
14. Water, ug/g 5000 None given 50 for 50 for
individual individual
pellets pellets
30 for lot 30 for lot
average average
15. Total None given 2.5 None given None given
Volatiles,
wt %
16. Oxygen to 2.00t02.25 1.95 to 2.00[b] 1.95t0 1.99 1.995t0 2.010
Metal (O/M)
Ratio

(a] All impurity elements are determined after ignition of material at 950 + 25°C to constant weight.

(b] No analysis required for air-calcined oxalate and nitrate source plutonium dioxide powders.
See Ref. 1.






DISSOLUTION OF URANIUM-PLUTONIUM OXIDES BY
THE SEALED-TUBE TECHNIQUE

SUMMARY

Uranium-plutonium oxide samples are dissolved
in a hydrochloric acid-perchloric acid mixture by the
sealed-tube technique at 310 to 325%C nominally for

overnight periods.

APPLICABILITY

The described method[ 1,2)

is applicable to cer-
amic grade uranium dioxide, ceramic grade plutonium
dioxide, uranium-plutonium mixed oxide pellets, and
uranium dioxide insulator pellets. 1t is especially useful
for the two plutonium-containing materials which dissolve
at much slower rates in nitric acid-hydrofluoric acid mix-
tures in open containers. Other advantages compared to
open-container dissolution are complete retention of the
sample constituents and addition only of chloride to the
sample. Normally an overnight dissolution is used but
one analyst can process about 12 samples in an 8-hr

shift.

RELIABILITY

A major source of error in the analysis of the
above four materials is incomplete dissolution of sam-
ples. This method gives complete dissolution of sam-

ples with complete retention of all constituents.

DISCUSSION OF THE METHOD

The more complete dissolution of samples ob-
tained by the sealed-tube technique results from the
higher temperature and pressure of the reaction than is
obtained in open containers. The higher temperature

and pressure effectively produce a higher concentration

(1] ¢. L. Gordon, W. G. Schlect, and E. Wichers,
J. Res. Natl. Bur. Standards 33, 457 (1944).

L2] C. F. Metz and G. R. Waterbury, USAEC Report
LA-3554 (1966).

of reactants and the higher temperature increases the
dissolution rate. With a hydrochloric acid-perchloric
acid mixture as used in this method, the sealed-tube

technique conditions establish an equilibrium mixture

according to the equation
7 HC1 + HClo4 =4 Cl2 + 4}{20 .

The chlorine acts as a powerful oxidant and excess hydro-
chloric acid, present in equilibrium amounts as gaseous
hydrogen chloride, acts to metathesize the nominally in-

soluble oxides to soluble chlorides.

The pressure in the sealed tube is as high as 4000
psi. The sealed tube, therefore, is enclosed in a steel
shell along with 2 measured amount of solid carbon di -
oxide. At the operating temperature, the external car-
bon dioxide pressure compensates for the internal pres-

sure to minimize tube ruptures.

The recommended acid mixture for the dissolution
of the four oxide materials analyzed in this method is 12M
HCl with several drops of 12M HCIO4 ; the recom-
mended temperature is 310 to 32500. Oxidants other
than perchloric acid can be used including nitric acid,
sodium chlorate, chlorine gas (from a cylinder), and hy-
drogen peroxide. Perchloric acid is most conveniently

used at reaction temperatures above 250°C. Below this

temperature, the reaction rate is too slow.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

This technique involves high-pressure operation
and should be used only by trained personnel with appro-
val of supervision. A dangerous condition may result
from a faulty seal which may leave a minute capillary ori-
fice in the silica tube through which carbon dioxide can
flow into the tube. Later in the reaction, the orifice may
become plugged with reaction products to produce an extra
high internal pressure. The tube then may shatter upon
its removal from the shell or when it is opened. For this

reason, operational directions must be rigidly followed



with no exceptions unless approved by supervision.
APPARATUS

Dewar flask, 1-1., for dry ice.

Electric oven, adjustable to + 5°C within the range 100
to 350°C.

Hand torch, oxygen-gas, for sealing silica reaction tubes.

Shield, safety glass.

Shell (Figure 1). The shell and nut are machined from
1-3/8-in. mild steel, hexagonal, bar stock. The 1-in.-
diam chamber in the shell has a tapered bottom and
should be centered to + 0.002 in. to avoid thin areas along
the walls. The lip of the shell is machined with 450 in-
side and outside chamfers to provide a 90° angle that will
compress a groove in the copper gasket when the nut is
tightened. The centering plug, machined from mild steel,
holds the copper gasket in place when the nut is tightened.
Additional items required are a support for holding the
shell in a rigid vertical position and an 18-in.-long wrench

to tighten the steel nut.

Special accessories for the shell (Fig. 2).

a. Pellet can assembly. Place 5 g of granular sodium
carbonate in a thin-wall brass or copper can, 5/8-in.
high x 7/8-in. diam, and cover with a brass or copper
lid. The sodium carbonate will neutralize the acid
released from a ruptured reaction tube.

b. Metal cup, thin-wall brass or copper, l-in. long,7/8-
in. i.d., flared to a 15/16-in. i.d. top, and having a
perforated bottom. Do not use soft solder in the con-
struction of either the pellet can or the metal cup be-
cause it will melt at the temperature reached during
the dissolution process. This cup holds the reaction
tube in the shell.

c. Copper gasket, 1-1/4-in. o.d., l-in. i.d., 1/8-in.
thick. Anneal before use by heating with a torch to
a cherry red color and quench in 95% ethyl alcohol to
room temperature. This treatment removes work -
hardening strains so that good seals are obtained.

d. Plastic tube, Lucite or equivalent, 7/8-in. o.d., 1/8-
in. wall thickness. Seal the top end and make an in-

side bevel at the bottom end. The bevel allows the
plastic tube to slip easily over the reaction tube. The
plastic tube fits snugly into the metal cup that supports

the reaction tube when it is removed from the shell,

Tube glass, 34-cm long, 16-to 18-mm i.d. with one end
sealed. This tube is used to hold and prevent contam-
ination of the silica tube during addition of the sample

and acid.

Tube, reaction, heavy-wall silica approximately 8-mm

bore, 2-mm wall thickness, 38-cm long, one end sealed.

The maximum length of a tube after sealing is about 30 cm.
REAGENTS

Calcium carbonate, fine powder.

Carbon dioxide, solid, ground.

Hydrochloric acid, 12M (37%), 6M.

Perchloric acid, 12M (70%).

PROCEDURE
Blank

A blank is not required. When a blank is speci-
fically called for in an analytical method for a sample
component, use the same quantities of the same disso-
lution reagents for the blank as are used for the sample,
without carrying them through the sealed-tube dissolu-

tion procedure.
Calibration

A calibration is not required.

zn

W/ / \VAAAYZ,
L N )

14%
14

Figure 1. Steel shell and nut.




CALCIUM

Figure 2. Special accessories for the steel shell.

Sample Dissolution

Crush pellet samples in a glove box.

Place a silica reaction tube inside a glass tube and
wrap the exposed wall of the reaction tube and the
top of the glass tube with masking tape.

The masking tape prevents contamination by

plutonium of the reaction tube external surface.
Place the reaction tube assembly in a glove box and
transfer a weighed quantity of sample into the reac-
tion tube.

The weight of sample can be as large as 2.5 g.
Weigh to £ 0.2 mg.

Add 7 ml of 12M HCI and 3 to 4 drops of 12M HCIO4
to the reaction tube.
Add the 12M HCI slowly at a rate so that any

reaction is controllable.

The volume of acid added should not exceed 407
of that of the reaction tube.
Remove the masking tape from the reaction tube and
then remove the reaction tube from the glass tube.
Avoid contaminating the outer surface of the
reaction tuhe when removing the masking tape.
Hold the reaction tube with a clean glove and cover

the open end with clean masking tape.

Monitor the outer surface for alpha activity and, if
uncontaminated transfer the reaction tube to an un-
contaminated glove box containing the gas-oxygen
torch.

If the outer surface of the tube is contaminated,
hold it in a vertical position, clean the surface
with 12M HCl, rinse it with water, and dry it.

8.

10.

11.

12.

Repeat this decontamination process until the
outer surface is uncontaminated.

If decontaminated is not attained, discard the
reaction tube to salvage and repeat steps 1
through 7.
Place the uncontaminated reaction tube in an upright
position in a 1-quart carton, fill the space around
the tube with dry ice, and seal the tube with the gas-
oxygen flame about 3 in. from the taped end.

An experienced person should make the seal in
a manner to prevent the formation of a capillary
leak.

Test for possible small leaks with moisfened -

acid-indicator paper.

Examine the steel shell and related apparatus for
proper fit and operation as follows:

a. Coat the threads and gasket surface with
Aqua-dag to prevent galling or freezing when
the nut is tightened.

b. Use a new copper gasket.

c¢. Place an encapsulated calcium carbonate pel -
let and metal cup into position in the bottom
of the shell.

The examination and treatment are necessary so
that the shell can be sealed immediately after
adding dry ice to it in the next step.
After the reaction tube cools, carefully insert it
into the shell, add 40 g of dry ice to the shell, and
immediately seal the shell.
Make sure the copper gasket is positioned pro-
perly before sealing the shell.

This quantity of dry ice is correct for a tube and
shell having the dimensions as given in this
method.

Immerse the sealed shell in water to test for leaks;
if gas bubbles are observed, immediately tighten
the nut.

If a gastight seal is not obtained before an ap-
preciable amount of carbon dioxide escapes,
open the shell as directed in steps 14, 15, and
16 and start over at step 9,making sure a new
copper gasket is used.

Place the loaded shell in a horizontal position in

the oven, rock the shell several times to distribute



13.

14.

15.

16.

17.

18.

19.

20.

the sample along the length of the reaction tube, and
heat at 310 to 325°C for about 8 hr.

Remove the shell from the oven and allow it to cool
{0 room temperature.

The oven should be in a glove box or be fastened
to a support which allows the oven door to open
directly into a glove box

The glove box should contain a vise for grasping
the shell when it is opened.
Loosen the nut just sufficiently to let the carbon
dioxide escape slowly.

Test for alpha contamination immediately as the
carbon dioxide escapes to determine whether the
reaction tube has broken

If contamination is detected, immediately re-
seal the shell and notify supervision.
After the carbon dioxide has completely escaped,
support the shell in a vertical position and remove

the nut.

Insert the open end of the plastic tube into the
shell and press it firmly into the metal cup.
The inside bevel of the open end of the plastic
tube lets it slip readily over the reaction tube.

Point the open end of the shell away from you
during this entire operation.
Withdraw the plastic tube containing the reaction
tube supported by the metal cup and inspect the
contents of the reaction tube for complete disso-
lution.

If the sample is dissolved completely, proceed
to the next step. If not, reinsert the reaction
tube into the shell as described in step 10 and
repeat steps 10 through 17.

Remove the metal cup from the end of the plastic

tube and reinsert it into the shell.

Hold the plastic tube in a horizontal position, in-
sert it into a 1-quart carton also held in a hori-
zontal position and, with the bottom of the reaction
tube held against the bottom of the carton, slowly

rotate the carton to a vertical position.

Fill the carton with dry ice and slowly withdraw
the plastic tube from the reaction tube.

21.

22.

23.

Allow the reaction tube to remain in the dry ice for
30 min; keep the carton filled with dry ice.

This chills the sample (and may even freeze it)
so that the internal pressure should be no
greater than atmospheric pressure. This low
pressure must be obtained before proceeding
to the next step.

Withdraw the reaction tube from the dry ice, score
it with a file about 3 or 4 in. from the top end, and
snap the tube into two pieces while holding it in an

upright position.

Insert the open ends of the two tube sections under
the surface of about 2 ml of water in the beaker,
and hold in that position until the contents melt
and run down into the beaker.

Quantitatively transfer the dissolved sample to a

beaker with the aid of water rinses.

This transfer must be quantitative because the
quantity of dissolved sample is taken to be the
sample weight initially placed in the reaction
tube.



DETERMINATION OF THE ISOTOPIC DISTRIBUTION
OF URANIUM IN URANIUM DIOXIDE BY MASS
SPECTROMETRY

SUMMARY

238U are di-

rectly determined by thermal ionization mass spectrom-

The isotopic abundances of 235U and

etry on samples of uranium dioxide dissolved in nitric

acid.

APPLICABILITY

This method is applicable to samples of ceramic
grade uranium dioxide and the sintered uranium dioxide
insulator pellets. The method measures the isotopic
abundance of 235U for natural uranium for which the spec-
ification value is 0.71 £ 0.05 wt ..

After dissolution of the sample, an analysis takes
about 45 min on a thermal ionization mass spectrometer

equipped with a vacuum lock.

RELIABILITY

The standard deviation for a single measurement
2
of the isotopic abundance of 35U by thermal ionization
mass spectrometry is 0.01 absolute percent at approxi-

(1]

mately the level of 235U in natural uranium.

DISCUSSION OF THE METHOD

At the specification limits for the impurities in
the two uranium dioxide materials, there is no interfer-

235

ence effect in the direct measurement of the U (and

238U) isotopic abundance.

A chemical purification of the
uranium prior to the mass spectrometric measurement
is therefore not necessary.

Other techniques for the measurement of 235U,
including alpha pulse height spectrometry and emission
spectroscopy, are not as precise as mass spectrometry
and would require a more extensive effort for routine use

to meet the specification of 0. 71 = 0. 05 wt %.

[1] M. W. Lerner, USAEC Report NBL-231 (1966).

They are recommended only for laboratories not equipped
with nor having access to a thermal ionization mass spec-
trometer.

Although the mass spectrometric measurement in
this method is done directly on samples with no chemical
separation, care must still be taken to prevent contami-
nation pickup of natural uranium and cross-contamination
of samples. The latter is particularly important for mass

spectrometry laboratories that also analyze enriched

uranium samples.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling the
strong acids used in this method. As a minimum precau-
tion, rubber gloves should be worn.

Mass spectrometers have high-voltage circuits.
Consult the manufacturer's manual before opening any in-

strument panel doors or latches.

APPARATUS

Disposable pipets. Prepare these by drawing 7-mm boro-
silicate glass tubing to about 0.040-in. o.d. for a length
of 3 in. A similar length of Teflon thin-walled tubing of
such diameter as to fit over a standard hypodermic needle
also may be used. (This tubing is obtainable from Chem-
plast, Inc., 150 Dey Road, Wayne, N. J. 07470). Use

these pipets only once and discard them.
Infrared heating lamp.

Mass spectrometer. The instrument shall have minimum

characteristics as follows:

Source: thermal ionization with single or multiple
filaments. The latter is recommended to obtain
the unoxygenated uranium spectrum which facili-
tates calculations. A vacuum lock is recommend-
ed to maintain analyzer vacuum which increases

sample throughput.

Analyzer: an analyzer and vacuum system capa-

ble of producing a resolving power of at least 400



and an abundance sensitivity at mass 238 of at
least 20,000, Resolving power is defined as
M/A M, where A M is the width, in atomic mass
units, of a peak at mass M at 5% of its heigﬁt.
Abundance sensitivity is defined as the ratio of
total ion current at mass M to its contribution at
mass M-1, customarily measured at masses 238
and 237 for a spectrum produced from a filament

loading of natural uranium.

Detector: A system consisting of a Faraday cup
and an electron multiplier, externally selectable,
followed by an electrometer amplifier and a poten-
tiometric recorder. Pulse counting systems us-
ing an electron multiplier or a scintillator-photo-
multiplier, as well as automatic data acquisition

apparatus, also may be used.

Several commercially available mass spectrome-

ters meet or exceed all the above requirements.

Mass Spectrometer Accessories

Filaments may be made from tantalum, rhenium, or
tungsten ribbon, nominally 0.001 x 0.030 in. Filaments
should not be handled with bare hands. They should be

prepared and stored so as to minimize contamination by

uranium.

Filament forming jigs are used to form the filaments into
the configuration required by the mass spectrometer and

to hold the filaments in place for welding.

A spot welder is used to weld the filament ribbons to the
support posts. Welds must be made carefully to ensure

good electrical contact necessary for beam stability.

Sample loading unit. A power supply consisting of a
Variac, 6.3-V filament transformer, ammeter, and suit-
able electrical contacts may be used to heat the filament
to evaporate sample solution. A heat lamp or heating

block also may be used.

Filament bakeout chamber. A bench-top vacuum system
with a 12-in. bell jar is satisfactory. A 5-V or 6.3-V,

10-A, filament transformer with the primary controlled

10

by a Variac supplies the necessary current. Apply cur-
rent gradually so that the pressure does not exceed 10-6
Torr. Bakeout is complete after 1 hr at 2000°C. Up to

20 filaments can be degassed simultaneously without ex-

ceeding the heat dissipation capability of the system.

REAGENTS
Nitric acid, 8M, 1M.

Uranium calibration solutions. Prepare three calibration
solutions by dissolving 12 mg each of NBS U-010, U-500,
and U-930 uranium isotopic standards in minimum
amounts of 8M HNOS. Dilute to 100 ml with 1M HNO3 to
give concentrations of 1 ug/10 ul. Store these solutions

in plastic bottles.

PROCEDURE

Blank

A blank measurement is not routinely required in
this method. However, because the samples normally

consist of natural uranium, the 8M HNO,_ sample dissolu-

tion reagent can become sufficiently congaminated to af-
fect the results without immediate detection by a quality
control program. For this reason, uranium contamina-
tion in this reagent shall be checked at least once a month
by carrying an aliquot of the sample dissolution reagent
entirely through the procedure used by a laboratory for
samples. The level of uranium in this reagent blank shall
be less than 1 ng on the mass spectrometer filament based

on the observed ion currents.
Calibration

Calibration of Detection System

Calibrate the detection system at startup, at least
every three months, and following any alteration which

could affect performance, as follows:
a. Sensitivity scale factors

1. Connect a precision potentiometer in
series with the feedback loop of the am-

plifier and short out the galvanometer.




2. Set the amplifier on the 10-mV scale and
apply 10 mV from the potentiometer.

Record the deflection.

3. Repeat step 2 for each amplifier sensi-
tivity setting and the corresponding po-

tentiometer voltage.

4. Determine exact scale factors from the
ratios of applied voltage/recorder de-
flection for each sensitivity setting. Use
these factors in subsequent determina-

tions.
b. Recorder linearity:

1. Connect a precision potentiometer as in

step a-1 above.

2. Set the amplifier on the 1-V scale and
apply voltage in increments of 0.1 V up
to 1 V. Record the recorder deflection

for each increment.

3. Find the cause for and correct any non-

linearity greater than 0.25% of full scale.

c. Grid resistor linearity and ratio determina-
3
tion: If a st:«mdard[2 “ current source is
available, the test described in TID-7029 is

advisable.
Calibration of Complete System

Calibrate the complete mass spectrometer at
startup, at least every three months, and following any

alteration, as follows:

a. Determine the mass discrimination bias both
for the electron multiplier and the Faraday
cup by measuring the 235U/238U ratio on at
least three separate filament loadings of the
NBS U-500 standard for each detector. Av-
erage the results and calculate the respective

bias correction factors by:

[2] R. J. Jones, Ed., Method 2.500,"Selected Mea-
surement Methads for Uranium and Plutonium in
the Nuclear Fuel Cycle,"USAEC Report TID-7029
(1963).

where B = mass discrimination bias factor per amu in
the U-Pu mass range,

= 235
Ro = average of observed atom ratio U

Rs = NBS stated atom ratio 235U/238U

/238U

= 1.0003.

Apply these bias corrections to subsequent deter-

minations.

b. Establish the linear range of both detection
systems by measuring the 234U/2350 ratio
on separate filament loadings of the NBS U-
930 standard for each system over a wide
range of ion currents at increments corre-
sponding to the amplifier scale factors. To
aid interpretation, plot the observed ratio vs
the 235U ion current on semilog paper. An-

alyze samples only within the linear range.
Daily Verification of Mass Spectrometer Stability

Verify the stability of each mass spectrometer
used in any 8-hr working shift with the NBS U-010 urani-
um isotopic standard when uranium samples are analyzed
during that shift. Maintain a control chart for each in-

235U/238U. When the value of

strument for the ratio of
this ratio changes at the .05 significance level, do not
analyze samples until the cause is corrected. Possible
sources of instability are a deterioration of the electron
multiplier, low gain in the electrometer amplifier, elec-
trical or mechanical malfunctions in the recorder, and

inadequate regulation in the filament power supply.

Sample Analysis

1. Dissolve 1 mg of the uranium dioxide sample in 0.5
ml of 8M HNO3 in a 10-m! beaker with the aid of

moderate heating, dilute to 5 m! with water, and mix.

The sample weight and reagent volumes need not
be quantitative because only isotopic abundances
are to be measured. If a whole insulator pellet
has been dissolved, dilute an aliquot of the solu-
tion to a uranium concentration of 0.2 ug/ml with
1M HNOS.

11
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Transfer 5 ul of the diluted solution to the sample

filaments of a triple<filament assembly mounted

in the sample loading unit, and evaporate slowly

to dryness. '
Use a new, disposable pipet. With filament
loadings of 1 ug of uranium, prebaked fila-
ments are not required.

Introduce the loaded filament assembly into the ion

source, using the procedure recommended by the

instrument manufacturer.

When the source pressure drops to 2 x 10-7Torr,
begin degassing by passing 3 A of current through

the ionizing filament.

When the source pressure is below 10™° Torr with
the {onizing filament heated, turn on the high voltage
and adjust the high voltage and magnet to bring in
m/e 238.
Focus on the major isotope : 238U in most
cases, 35y in the case of NBS U-930.
Increase the ionizing filament current to ~ 4.5 A,
then slowly increase the sample filament currents

until an ion beam is detected.

Adjust focus controls and mechanical alignment for
maximum beam intensity.

Increase the sample filament currents until the 238U

ion current is in the range of 10"13 A when the elec-
tron multiplier is used, or 10"11 A when the Faraday
cage is used.
The Faraday cage is preferred because it is
essentially free from mass discrimination.

It may be necessary to experiment with dif-

ferent combinations of filament currents to

achieve a stable beam of the desired intensity.
Scan the spectrum repeatedly in both directions over
the mass range of interest until at least nine spectra
have been recorded. Use scale settings that will
cause each peak o be recorded on the top half of the
strip chart.

Magnetic field scanning is preferred.

Collect data only when the ion beam intensity
is essentially constant.
10. Reduce the sample filament currents to zero, record
zero readings for each scale setting used, and re-

move the chart for calculation.
Calculations

Relative ion beam intensities, proportional to
atom abundances, are measured by interpalating between
peak tops and making all measurements of individual iso-
topes for one set of ratios at one point on the x-axis (one
common time) to remove the effect of changes in beam
intensity with time. Readings can be made at any point
after the completion of the first single sweep and before
the beginning of the last sweep. The preferred procedure
is to take a reading of all isotopes each time the sweep
direction is changed (turnaround). Measurements should
be made in pairs. One reading at the high-mass turn-
around and one at the adjacent low-mass turnaround con-
stitute a pair. To obtain N pairs of consecutive readings,

2N + 1 single sweeps in alternate directions are required.

1. Draw lines on the chart connecting the tops of the con-
secutive peaks of the same isotope for each isotope

to be measured.

2. Draw vertical lines on the chart at or near the turn-
around points corresponding to each change in sweep

direction.

3. Read the interpolated peak height of each isotope at
the intersection of each vertical line with the inter-

polating lines.

4. Make zero corrections where required, using the

zero readings taken for each scale setting.

5. Combine the zero-corrected peak height readings in
pairs. Add these readings for each isotope at the
first high-mass turnaround to the corresponding read-
ings at the first low-mags turnaround. Repeat for the

second, third, and fourth pairs.

6. Determine the agreement among the four paired mea-

238

surements. U measure-

Divide each of the four
35

ments by the corresponding 2 U measurement. The



range of the four ratios thus obtained shall not exceed
5%. If this range is exceeded, record additional

spectra until agreement is obtained.

Calculate L peak height for each isotope by summing

the eight zero-corrected interpolated readings.

Calculate the true peak heights (MASS true) by multi-
plying each peak height sum by the exact scale factor
for the scale setting used to record that isotope peak.

Calculate the bias-corrected peak heights (MASS )

corr
by:
234 = 234 (1-B)
corr true ’
235corr = 'Zsstrue ’
236 = 236 (1+ B)
coTrr true '
238 = 238 (1+3B)
corr {rue ’

where B = the previously determined bias correction fac-

10.

11.

tor per atomic mass unit.

Convert from atom to weight basis by multiplying
each corrected peak height by the corresponding

atomic mass (whole number accuracy is adequate).

Calculate the weight percent of each isotope by di-
viding its weight basis peak height by the sum of the
weight basis peak heights. For natural uranium
samples, only the 235U and 238U peaks need be

recorded and calculated.
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DETERMINATION OF THE ISOTOPIC DISTRIBUTION
OF PLUTONIUM IN PLUTONIUM DIOXIDE BY MASS
SPECTROMETRY FOLLOWING ION EXCHANGE
PURIFICATION

SUMMARY

Plutonium is separated from americium and im-
purity uranium on an anion exchange column and the plu-
tonium isotope abundances are determined by thermal
ionization masgs spectrometry. The decontamination fac-
tors for americium and uranium are amply high to permit

the isotopic abundance measurements of 24 1Pu and 238Pu

239P , 240 242Pu.

along with the u Pu, and

APPLICABILITY

(1]

This method is applicable to samples of ceram-

ic grade plutonium dioxide. It is similar to the method
described on pp. 23 to 32 for the determination
of plutonium isotopic abundances in mixed oxide pellets
by mass spectrometry following ion exchange purification.
The measurement of the abundances of plutonium
isotopes by thermal ionization mass spectrometry is
highly reliable over the range of 0.01 to 100%, with ex-
tension to lower values provided that mass interferences
are not present and that the chemical separation steps
are carefully done to minimize contamination.
A single analysis including the chemical separa-
tion and mass spectrometric measurement takes about
1 -1/4 hr for the chemical separation and 45 min for
the mass spectrometric measurement. The latter time

is for a mass spectrometer equipped with a vacuum lock

at the source.

RELIABILITY

(2]

The pooled data obtained by seven laboratories

for the abundances of the plutonium isotopes 239, 240,

(1] G. M. Matlack, R. M. Abernathey, and J. E.
Rein, Los Alamos Scientific Laboratory, Private
Communication (September 1970).

(2] cC. F. Metz, R. G. Bryan, and R. K. Zeigler,
LASL Report CMB-1-861 (November 1968).

241, and 242 on mixed oxide samples are given below.
At least this degree of reliability should be obtainable for

samples of ceramic grade plutonium oxide.

Average of  Within-Lab Between-Lab
1sotope all Labs Std Dev Std Dev
239 86. 84 0.029 0.017
240 11.56 0.024 0.010
241 1.45 0.007 0.003
242 0.13 0.0017 negligible

These precisions substantially agree with the re-
sults obtained by 12 laboratories on a series of plutonium
materials in which the within-laboratory absolute percent
standard deviations ranged from ~ 0.0004 at an isotopic
abundance of 0.01% to ~ 0.02 at isotopic abundances above
907. (3]

DISCUSSION OF THE METHOD

The purification of plutonium in this method is
based on its absorption as the chloride complex of Pu(VI)
on an anion exchange resin. An aliquot of the dissolved
plutonium dioxide sample containing about 100 ug of plu-
tonium is fumed with perchloric acid to oxidize plutonium
to the (VI) oxidation state and the solution is transferred
in 12M HCI to a highly cross-linked (10X) anion exchange
resin column. Plutonium(VI) remains absorbed on the
column as a negatively charged chloride complex ; while
americium and impurity elements are eluted with 12M
HCl. Plutonium is then eluted with a 12M HC1-0. 1M HI
mixture in which the plutonium reduces to the nonabsorbed
(III) oxidation state. Any impurity uranium remains ab-
sorbed on the resin in the (VI) oxidation state. A small
portion of the separated plutonium fraction is analyzed
for the 238, 239, 240, 241, and 242 isotope abundances
by thermal ionization mass spectrometry as described
later in this section. The remaining portion of the sep-
arated plutonium fraction can be reserved for the alter-
nate determination of 238Pu by alpha spectrometry for
those laboratories desiring to use this technique. See
method entitled ""Determination of 238Pu Isotopic Abun-

dance by Alpha Spectrometry, ' p. 43.

(3] M. W. Lerner, USAEC Report NBL-231(1966).
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The separation factors that are obtained in this
procedure are 300 for americium and > 105 for uranium.

With these factors, the 24lAm and 238U levels in the sep-

arated plutonium fraction do not significantly affect the

241 238Pu

mass spectrometric measurement of the Pu and

isotope abundances.
241

At the specification limit of ~0.24%

1Am per gram of plutonium) for ce-

(4]

Am (~2400 ug 2%
ramic grade plutonium dioxide, the ratio of 241Am to
the stated precision of 0.014 absolute percent standard

deviation required for the 241

(5] is 17. The separation factor of 300 exceeds

Pu isotope abundance mea-

surement
this ratio by ~ 18. Similarly, at the specification limit

of 0.23% natural uranium (equivalent to the stated value
(4]

of 2000 ug of uranium per gram of plutonium dioxide)

38U to the

stated precision of 0.005 absolute percent standard devi-

based on elemental plutonium, the ratio of 2
. 238 .
ation required for the Pu isotope abundance measure-

ment[s] is ~ 50. The separation factor of 105 is 2000
times this ratio.

The measurement of 238pu isotopic abundance is
more precise by alpha spectrometry at the low 238Pu
levels characteristic of ceramic grade plutonium dioxide.
As previously mentioned, a portion of the separated plu-
tonium fraction obtained in this method can be used con-
veniently for the alpha spectrometric measurement when
desired.

The mass spectrometric measurement of plutoni-
um is done directly on the separated fraction from the ion
exchange column. An aliquot containing ~ 0.5 ug of plu-
tonium is evaporated on sample filaments of a triple fil-
ament source of a thermal ionization mass spectrometer
for these measurements.

A major factor governing the attainment of satis-
factory analyses is fastidious operation, necessary to
preclude sample cross-contamination. Inexpensive glass-
ware, including ion exchange columns, that can be dis-
carded after use for one sample is stipulated, and work-

ing areas must be kept scrupulously clean. Purified re-

(4] RDT Standard E13-1 "Fast Flux Facility-Ceramic
Grade Plutonium Dioxide" (November 1970).

(5] RDT Standard F2-6 "Program for the Qualification
of Analytical Chemistry Laboratories for FFTF
Fuel Analysis' (August 1970).
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agents are not necessary because plutonium is not a nat-
ural contaminant; however, the contamination of reagents
from samples must be avoided. Inasmuch as the mea-
surement is for isotopic abundances only, the recovery of
plutonium need not be quantitative.

The recommended mode of mass spectrometer
operation includes a triple filament source, magnetic
scanning, and a Faraday cup detector. The amount of
plutonium loaded on the sample filaments is ~ 500 ng to
permit use of the Faraday cup. A secondary advantage
of this relatively high filament loading is to minimize any
effects of small sample cross-contamination that may oc-

cur in the separation procedure or filament loading oper-

ation.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling the con-
centrated acids used in this method. At the minimum,
rubber gloves should be worn. Mass spectrometers have
high-voltage circuits. Consult the manufacturer's manual

before opening any instrument panel doors or latches.

APPARATUS

Disposable pipets. Prepare these by drawing 7-mm bor-
osilicate glass tubing to about 0.040-in. o.d. for a length
of 3 in. A similar length of Teflon thin-walled tubing of

such diameter as to fit over a standard hypodermic needle
(This tubing is obtainable from Chem-

plast, Inc., 150 Dey Road, Wayne, N. J. 07470.) Use

also may be used.

these pipets only once and discard them.

Ion exchange column. Glass, 3-mm i.d., 4-cm long,
with a drip tip at the bottom and a 3-ml reservoir at the
top. Place a glass wool plug in the tip of the column.
Prepare a distilled water slurry of the anion exchange
resin (see REAGENTS) and transfer this slurry to the
resin column to form a resin bed with the top just below
the reservoir. Wash the resin with at least 4 ml of 12M
HCl.

Infrared heating lamp.



Medicine droppers, 1-ml.

Mass spectrometer. The instrument shall have minimum

characteristics as follows:

Source: thermal ionization with multiple filaments. (A
single-filament source is satisfactory when an electron
multiplier is used as the detector). A vacuum lock is re-
commended to maintain analyzer vacuum which increases

sample throughput.

Analyzer: an analyzer and vacuum system capable of pro-
ducing a resolving power of at least 400 and an abundance
sensitivity at mass 238 of at least 20,000. Resolving
power is defined as M/A M, where A M is the width, in
atomic mass units, of a peak at mass M at 57 of its
height. Abundance sensitivity is defined as the ratio of
total ion current at mass M to its contribution at mass
M-1, customarily measured at masses 238 and 237 for a
spectrum produced from a filament loading of natural u-

ranium.

Detector: a system consisting of a Faraday cup and an
electron multiplier, externally selectable, followed by an
electrometer amplifier and a potentiometric recorder.
Pulse counting systems using an electron multiplier or a
scintillation-photomultiplier, as well as automatic data

acquisition apparatus, also may be used.

Several commercially available mass spectrom-

eters meet or exceed all the above requirements.

Mass Spectrometer Accessories.

Filaments may be made from tantalum, rhenium, or
tungsten ribbon, nominally 0.001 x 0.030 in. Filaments
should not be handled with bare hands. They should be

prepared and stored so as to minimize contamination.

Filament forming jigs are used to form the filaments into
the configuration required by the mass spectrometer and

to hold the filaments in place for welding.

A spot welder is used to weld the filament ribbons to the
support posts. Welds must be made carefully to ensure

good electrical contact necessary for beam stability.

Sample loading unit. A power supply consisting of a
Vafiac, 6.3-V filament transformer, ammeter, and suit-
able electrical contacts may be used to heat the filament
to evaporate sample solution. A heat lamp or heating

block also may be used.

Filament bakeout chamber. A bench-top vacuum system
with a 12-in. bell jar is satisfactory. A 5-V or 6.3-V,
10-A filament transformer with the primary controlled by
a Variac supplies the necessary current. Apply current
gradually so that the pressure does not exceed 10_6Torr.
Bakeout is complete after 1 hr at 2000°C. Up to 20 fila-
ments can be degassed simultaneously without exceeding

the heat dissipation capability of the system.

REAGENTS

Anion exchange resin. AG-1-X10, 50 to 100 mesh, chlo-
ride form, Bio-Rad Laboratories, Richmond, Calif., or

equivalent.

Hydrochloric acid, 12M (37%), 6M, 2M.

Hydrochloric acid-hydriodic acid mixture, 12M HC1-0. 1M
HI. Prepare a new batch each 8-hr shift.

Hydrofluoric acid, 3M.

Nitric acid, 15.6M (70%).

Perchloric acid, 1M.

Plutonium calibration solution. Dissolve the contents of
one ampoule of the NBS 948 plutonium isotopic standard

in 6M HCl. Dilute to 500 ml with 2M HCI for a concen-

tration of 0.5 mg Pu/ml. Dilute 1 ml to 10 ml with 2M

HCl to give a concentration of 0.5 ug Pu/10 ul. Store

this solution in a plastic bottle.

PROCEDURE
Blank

A blank measurement is not routinely required in
this method. However, because the isotopic abundances
of the plutonium may change only slightly from sample to
sample, reagents can become contaminated and affect the

results without immediate detection by a quality control
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program. For this reason, plutonium contamination in
reagents shall be checked at least once a month by carry-
ing an aliquot of the dissolution reagent used to dissolve
ceramic grade plutonium dioxide samples entirely through
the procedure that is used for the samples. The level of
plutonium in the blank shall be less than 1 ng of plutonium
on the mass spectrometer filament based on the obtained

ion currents.

Calibration
Calibration of Detection System

Calibrate the detection system at startup, at least
every three months, and following any alteration which

could affect performance, as follows:

a. Sensitivity scale factors
1. Connect a precision potentiometer
in series with the feedback loop of
the amplifier and short out the gal-

vanometer.

2. Set the amplifier on the 10-mV scale
and apply 10 mV from the potentiom-

eter. Record the deflection.

3. Repeat step 2 for each amplifier sen-
sitivity setting and the corresponding

potentiometer voltage.

4. Determine exact scale factors from
the ratios of applied voltage/recorder
deflection for each sensitivity setting.
Use these factors in subsequent deter-

minations.

b. Recorder linearity:
1. Connect 2 precision potentiometer

as in step a-1 above.

2. Set the amplifier on the 1-V scale
and apply voltage in increments of
0.1 VuptolV. Recordthe recorder

deflection for each increment.

3. Find the cause for and correct any non-
linearity greater than 0.25% of full

scale.
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c. Grid resistor linearity and ratio determi-

nation:

If a standard current source is available, the

test described in TID-7029[6] is advisable.
Calibration of Complete System

Calibrate the complete mass spectrometer at
startup, at least every three months and following any

alteration, as follows:

a. Determine the mass discrimination bias for
the Faraday cup and the electron multiplier,

if used, by measuring the 235U/238

U ratio
on at least three separate filament loadings
of the NBS U-500 standard for each detector.
Average the results and calculate the respec-

tive bias correction factors by

Ro |
R
s
B = 3 ,
in which
B = mass discrimination bias factor per amu
in the U-Pu mass range,
1_20 = average of observed atom ratio 2350/2380,
Rs = NBS stated atom ratio 235U/238U =1.0003.

Apply these bias corrections to subsequent mea-

surements.

b. Establish the linear range of both detection
systems by measuring the 234U/2 35U ratio
on separate filament loadings of the NBS
U-930 standard for each system over a wide
range of ion currents at increments corre-
sponding to the amplifier scale factors. To
aid interpretation, plot the observed ratio vs
the 235

U fon current on semilog paper. An-

alyze samples only within the linear range.

(6] R. J. Jones, Ed., Method 2. 500, Selected Measure-

ment Methods for Uranium and Plutonium in the
Nuclear Fuel Cycle, USAEC Report TID-7029 (1963).




Daily Verification of Mass Spectrometer Stability

Verify the stability of each mass spectrometer
used in any 8-hr working shift with the NBS 948 plutonium
isotopic standard when plutonium samples are analyzed
during that shift. Maintain a control chart for each in-
strument by plotting the measured 240Pu/2 39Pu ratio as
a function of time. When the value of the ratio signifi-
cantly changes at the .05 significance level, do not ana-
lyze samples until the cause is corrected. Possible
sources of instability are a deterioration of the electron
multiplier, low gain in the electrometer amplifier, elec-
trical or mechanical malfunctions in the recorder, and

inadequate regulation in the filament power supply.

Sample Analysis

Dissolution and Separation of Plutonium

1. Dissolve 0. 1 mg of the ceramic grade plutonium di-
3 and 10 ul of
3M HF in a 5-ml beaker with the aid of moderate

oxide sample in 100 ul of 15.6M HNO

heating.

The sample weight and reagent volumes need
not be quantitative because only isotope abun-
dances are to be measured. The sealed tube
hydrochloric acid dissolution technique, de-
scribed on p. 5, also may be used for sample
dissolution.

2. Add2 drops of 1M HCIO g to the sample solution
and fume to near dryness.

Do not contaminate the perchloric acid dropper
with the sample. Lower oxidation states of
plutonium oxidize to the (VI) oxidation state.
Americium and uranium remain at the (III)

and (VI) oxidation states respectively.

3. After the beaker and contents cool to room tempera-
ture, add 1 ml of 12M HCl, and mix.

Use a medicine dropper to mix the solution,
and for the transfer in the next step.

4. Transfer the solution to a new ion exchange column
containing the 12M HCl-equilibrated anion exchange
resin and discard the effluent.

Plutonium absorbs on the resin as the chloride

complex of Pu(VI), americium and most impu-
rity elements elute from the column.

5. After the original sample solution descends to the top

of the resin bed, pass 3 ml of 12M HCl through the
column in 15 approximately equal 200-ul additions,

and discard the effluent.

Wait between each addition until the previous
addition descends to the top of the resin bed.
Add the elutant in a manner to wash down the
walls of the reservoir. This step elutes the
americium and impurity element tailings.

6. Pass 2 ml of freshly prepared 12M HCl1-0. 1M HI

through the column and collect the effluent in a clean
small vial with either a plastic screw cap or a plastic
stopper and mix the contents.
Plutonium reduces to the (III) oxidation state
which elutes from the column. Uranium im-

purity remains absorbed on the column as the
U(VI) complex.

7. With a clean disposable pipet (see APPARATUS),

transfer ~ 10 ul of the eluted plutonium fraction to
the sample filaments of a triple filament assembly
which is mounted in the sample loading unit and evap-
orate slowly to dryness.

The amount of plutonium transferred to the

sample filaments is ~ 0.5 ug, about ideal
when a Faraday cup collector is used.

238

8. Restopper the vial and reserve it for the Pu mea-

surement by alpha spectrometry, if desired.
About 90 ug of plutonium is in this tube.

Mass Spectrometric Analysis of Plutonium

1. Introduce the loaded filament assembly into the ion
source using the procedure recommended by the in-

strument manufacturer.

2. When the source pressure drops to 2 x 10-7 Torr,

begin degassing by passing 3 A of current through

the ionizing filament.

3. When the source pressure is below 10-6Torr with the
ionizing filament heating, turn on the high voltage and

adjust the high voltage and magnet to bring in m/e 239.

4. Increase the ionizing filament current to ~ 4.5 A,
then slowly increase the sample filament current un-

til an ion beam is detected.
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5. Adjust focus controls and mechanical alighment for

maximum beam intensity.

6. Increase the sample filament currents until the
9Pu ion current is in the range of 10.11 A.

. . . 239
With an electron multiplier, the desired Pu
ion current is ~ 10™°° A. It may be necessary
to experiment with different combinations of
filament currents to achieve a stable beam of
the desired intensity.

7. Scan the spectrum repeatedly in both directions over
the mass range of 239 through 242 until at least nine
spectra have been recorded. Use scale settings
that will cause each peak to be recorded on the top
half of the strip chart.

Magnetic field scanning is preferred.

Collect data only when the ion beam is essen-
tially constant.
8. Reduce the sample filament currents to zero, record
the zero readings for each scale setting used, and

remove the chart for calculations.

Calculations

Relative ion beam intensities, proportional to
atom abundances, are measured by interpolating between
peak tops and making all measurements of individual iso-
topes for one set of ratios at one point on the x-axis (one
common time) to remove the effect of changes in beam
intensity with time. Readings can be made at any point
after the completion of the first single sweep and before
the beginning of the last sweep. The preferred procedure
is to take a reading of all isotopes at each time the sweep
direction is changed (turnaround). Measurements should
be made in pairs. One reading at the high-mass turn-
around and one at the adjacent low-mass turnaround con-
stitute a pair. To obtain N pairs of consecutive readings,

2N + 1 single sweeps in alternate directions are required.

1. Draw lines on the chart connecting the tops of the
consecutive peaks of the same isotope for each iso-

tope to be measured.

2. Draw vertical lines on the chart at or near the turn-

around points corresponding to each change in sweep
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direction.

3. Read the interpolated peak height of each isotope at
the intersection of each vertical line with the inter-

polating lines.

4. Make zero corrections where required, using the

zero readings taken for each scale setting.

5. Combine the zero-corrected peak height readings in
pairs. Add these readings for each isotope at the
first high-mass turnaround to the corresponding read-
ings at the first low-mass turnaround. Repeat for the

second, third, and fourth pairs.

6. Determine the agreement among the four paired mea-

surements.

Divide each of the four 239Pu readings by the corre-
sponding 241Pu reading. The range of the four ratios

thus obtained shall not exceed 0. 6% relative. Divide

each of the four 239Pu readings by the corresponding

241Pu reading. The range of these four ratios shall
not exceed 3% relative. If either range is exceeded,

collect additional data until agreement is obtained.

7. Calculate T peak height for each isotope by summing
the eight zero-corrected interpolated readings.

8. Calculate the true peak heights (MASStrue) by multi-
plying each peak height sum by the exact scale factor

for the scale setting used to record that isotope peak.

9. Calculate the bias-corrected peak heights (MASSco )

rr
by

238, _ @38 )(l-B),

23gcorr: = (zsgtrue) !

240 _ (240 ) (1+B),

241 (4L ) (1+2B),

242corr = (242true) (1+3B) ,

where B = the previously determined bias correction fac-

tor per atomic mass unit.

10. Convert from atom to weight basis by multiplying
corrected peak heights by the corresponding atomic

mass (whole number accuracy is adequate).



11.

Calculate the weight percent of each isotope by divid-
ing its weight basis peak height by the sum of the
weight basis peak heights, and multiplying by 100.
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DETERMINATION OF THE ISOTOPIC DISTRIBUTION
OF URANIUM AND PLUTONIUM IN MIXED-OXIDE
PELLETS BY MASS SPECTROMETRY FOLLOWING
SEQUENTIAL ION EXCHANGE SEPARATION

SUMMARY

Plutonium and uranium are sequentially separated
on a single anion exchange column and the separated frac-
tions are individually analyzed for isotopic abundances by
thermal ionization mass spectrometry. The decontami-
nation factor for uranium in the separated plutonium frac-
tion is amply high to permit the isotopic abundance mea-
surement of 238Pu by mass spectrometry with a precision
that satisfies the specification requirements for mixed

oxide fuel.

APPLICABILITY

This methodLl] is applicable to samples of mixed
oxide pellets. An alternative mass spectrometric meth-
od, which is based on a liquid-liquid extraction, is given
on p. 33 for use by laboratories that prefer liquid-
liquid extraction techniques.

The measurement of the abundances of plutonium
and uranium by thermal ionization mass spectrometry,
as described in this method, is highly reliable over the
range of 0.01 to 100% with extension to lower values pro-
vided that mass interferences are not present and that
the chemical preparation steps are carefully done to min-
imize contamination.

A single analysis including the chemical separa-
tion and the mass spectrometric measurement both of
uranium and plutonium takes about 2 hr, 0.5 hr for the
chemical separation and 45 min for each mass spectro-
The latter time is for a mass

metric measurement.

spectrometer equipped with a vacuum lock at the source.

(1] G. M. Matlack, R. M. Abernathey, and J. E. Rein,
Los Alamos Scientific Laboratory, Private Com-
munication (September 1970).

RELIABILITY

The pooled data obtained by seven laboratories for
the abundances of the plutonium isotopes 239, 240, 241,

and 242 in mixed oxide fuel pellets with a uranium to plu-

tonium ratio of 3 to 1 were: (2]
Pu Avcrage of Within-Lab Between-Lab
Isotope  ull Labs Std Dev Std Dev
239 86.84 0.029 0.017
240 11. 56 0.024 0.010
241 1.45 0.007 0.008
242 0.13 0.0017 negligible

These precisions substantially agree with those
obtained by laboratories on a series of uranium and plu-
tonium materials analyzed on thermal ionization mass
spectrometers using both single and triple filament

(3]

sources. In general, the absolute precision is a func-
tion of the level of the abundance of an isotope and not of
the isotopic mass. The within-laboratory absolute per-
cent standard deviations ranged from ~ 0. 0004 at an iso-
topic abundance of 0.01% to ~ 0.02 at isotopic abundances

greater than 90%.

DISCUSSION OF THE METHOD

The separation of plutonium and uranium in this
method is based on the absorption of the chloride complex-
es of plutonium and uranium, both in the (VI) oxidation
state, on an anion exchange resin followed by their sequen-
tial elution. An aliquot of the dissolved mixed oxide fuel
pellet containing about 100 ug of plutonium and 300 ug of
uranium is fumed with perchloric acid to oxidize plutoni-
um to the (VI) oxidation state and the solution is transfer-
red in 12M HCI to a highly cross-linked (10X) anion ex-
change resin column. Plutonium(VI) and U(VI) remain ab-
sorbed on the column as negatively charged chloride com-
plexes while americium and impurity elements are eluted
with 12M HCl. Plutonium is eluted with a 12M HC1-0. 1M

HI mixture in which the plutonium reduces to the nonab-

[2] c. F. Metz, R. G. Bryan, and R. K. Zeigler, LASL
Report CMB-1-861 (November 1968).

(3] M. W. Lerner, USAEC Report NBL-231 (1966).
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sorbed (III) oxidation state. After a 12M HCI1-0. 1M HI
rinse is applied to the column to remove plutonium
tailings, uranium is eluted with 0. 1M HCl. Small por-
tions of the separated plutonium and uranium fractions
are separately analyzed for isotope abundances by ther-
mal ionization mass spectrometry as described more ful-
ly later in this section. The remaining portion of the sep-
arated plutonium fraction can be reserved for the alter-
native determination of 238Pu by alpha spectrometry for
those laboratories desiring to use this technique. See
method entitled ''Determination of 238Pu Isotopic Abun-
dance by Alpha Spectrometry, ' p.43.

The important separation factors in this procedure
are 300 for americium and > 1 x 105 for uranium in the
plutonium fraction,and > 1 x 104 for americium and 150
for plutonium in the uranium fraction. This separation
factor for americium in the plutonium fraction reduces
the 241Am level so that it does not significantly affect the
mass spectrometric measurement of the 24 1Pu isotopic
abundance.

HE 24lAm per gram of plutonium and a 24

At the maximum specification limit of ~ 2400
lPu isotopic
abundance of 1.5% in the mixed oxide fuel, the ratio of
24 1Am/ 24150 in the separated plutonium fraction is
<1x10 3 ata separation factor of 300.

In a mixed oxide fuel in which the ratio of uranium
(natural) to plutonium is 3 to 1, the 238U/2 38Pu ratio is
almost 2000 to 1 at the specification limit of 0. 15% for

the 238 The more im-

Pu abundance in mixed oxide fuel.
portant factor governing the separation factor required

for uranium in the separated plutonium fraction is the pre-
cision with which the 238Pu isotopic abundance is to be
measured. The standard deviation stated to be. requiredL4'
is 0. 005 absolute abundance percent. This demands

a separation factor of at least 6 x 104. The separation
factor of > 1 x 105 obtainable in the method meets this
demand. Laboratories are cautioned, however, to eval-
uate each lot of ion exchange resin by processing 233U
through the plutonium separation stage of the separation
procedure followed by gross alpha counting of the various
fractions to ensure that the resin will give satisfactory re-

(4] RDT Standard F2-6 "Qualification of Analytical
Chemistry Laboratories for FFTF Fuel Analysis"
(August 1970).
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sults. .Some resin lots have been found not to be satis-
factory.

The measurement of 238Pu isotopic abundance is
more precise by alpha spectrometry at the low 238Pu
levels characteristic of LMFBR/FFTF mixed oxide fuel.
As previously mentioned, a portion of the separated plu-
tonium fraction obtained in this method can be used con-
veniently for the alpha spectrometric measurement when
desired.

The mass spectrometric measurements for plutoni-
um and uranium are done directly on the respective sepa-
rated fractions. Aliquots containing ~ 0.5 ug of plutonium
and ~ 1 ug of uranium are evaporated on sample filaments
of a triplefilament source of a thermal ionization mass
spectrometer for these measurements.

A major factor governing the attainment of satis-
factory analyses is fastidious operation, necessary to pre-
clude sample cross-contamination, and especially in the
case of uranium, natural uranium contamination.

Purified reagents, especially acids, stored in plas-
tic or quartz bottles are stipulated, and inexpensive glass-
ware and plastic ware that can be discarded after use'for
one sample are strongly recommended. In addition, the
working areas must be kept scrupulously clean. Inasmuch
as the measurement is for isotopic abundances only, the
operations need not be quantitative.

The recommended mode of mass spectrometer op-
eration in addition to a triplefilament source includes
magnetic scanning and a Faraday cup detector. The use
of the Faraday cup requires sample loadings of ~ 0.5 to
1ug. A secondary advantage of this relatively high level
of filament loadings is to minimize the effects of small
sample cross contamination and natural uranium contami-
nation that may occur in the separation procedure or fila-
ment loading operations.

The selection of the two methods presented here
and on p 33 for the determination of the isotopic abundances
of uranium and plutonium in mixed oxide fuels was based

on their proven capability for these analyses. The ASTM

ion exchange method, designed for irradiated fuel

(5] ASTM Standards, Part 30, Method E267-87T, Amer-
ican Society for Testing and Materials, Philadelphia,
1969.




samples with a very high preirradiated ratio of uranium
to plutonium and containing fission products, is relatively
long and does not give a plutonium fraction sufficiently
free of uranium t{o permit the reliable measurement of the
Pu isotopic abundance. The only method presented in

the USAEC Manual (6] applicable to uranium-plutonium
fuels is based on a liquid-liquid extraction that gives a
combined uranium-plutonium fraction for simultaneous
analysis in a triple-filament source, thermal ionization
mass spectrometer. This method is not recommended
because the precision of the measured isotopic abundance
values both of uranium and plutonium is about twice poor-
er than the precision obtained when separated uranium
and plutonium fractions are independently analyzedEs]

and because 238
238U.

Pu cannot be measured in the presence of

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling the con-
centrated acids used in this method. As a minimum pre-
caution, rubber gloves should be worn.

Mass spectrometers have high-voltage circuits.
Consult the manufacturer's manual before opening any in-

strument panel doors or latches.

APPARATUS

Disposable pipets. Prepare these by drawing 7-mm boro-
silicate glass tubing to about 0.040-in. o.d. for a length
of 3in. A similar length of Teflon thin-walled tubing of
such diameter as to fit over a standard hypodermic needle
also may be used. (This tubing is obtainable from Chem-
plast, Inc., 150 Dey Road, Wayne, N. J. 07470). Use

these pipets only once and discard them.

Ion exchange column. Glass, 3-mm i.d., 4-cm long,
with a drip tip at the bottom and a 3-ml reservoir at the

top. Place a glass wool plug in the column tip. Prepare

6] R. J. Jones, Ed., Method 4.502, Selected Mea-
surement Methods for Plutonium and Uranium in
the Nuclear Fuel Cycle, USAEC Report TID-7029
(1963).

a distilled water slurry of the anion exchange resin (see
REAGENTS) and transfer this slurry to the resin column
to form a resin bed with the top just below the reservoir.

Wash the resin with at least 4 ml of 12M HCl.
Infrared heating lamp.
Medicine droppers, 1-ml.

Mass spectrometer. The instrument shall have minimum

characteristics as follows:

Source: thermal ionization with multiple filaments.
(A single-filament source is satisfactory when an

electron multiplier is used as the detector). A vac-
uum lock is recommended to maintain analyzer vac-

uum which increases sample throughput.

Analyzer: an analyzer and vacuum system capable
of producing a resolving power of at least 400 and
an abundance sensitivity at mass 238 of at least
20,000. Resolving power is defined as M/A M,
where A M is the width, in atomic mass units, of
a peak at mass M at 5% of its height. Abundance
sensitivity is defined as the ratio of total ion cur-
rent at mass M to its contribution at mass M-1,
customarily measured at masses 238 and 237 for
a spectrum produced from a filament loading of

natural uranium.

Detector: a system consisting of a Faraday cup
and an electron multiplier, externally selectable,
followed by an electrometer amplifier and a poten-
tiometric recorder. Pulse counting systems using
an electron multiplier or a scintillator-photomulti-
plier, as well as automatic data acquisition appara-

tus, also may be used.

Several commercially available mass spectrometers

meet or exceed all the above requirements.
Mass Spectrometer Accessories.

Filaments may be made from tantalum, rhenium, or tung-
sten ribbon, nominally 0.001 x 0.030 in. Filaments
should not be handled by bare hands. They should be pre-

pared and stored so as to minimize contamination.
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Filament forming jigs are used to form the filaments into
the configuration required by the mass spectrometer and

to hold the filaments in place for welding.

A spot welder is used to weld the filament ribbons to the
support posts. Welds must be made carefully to ensure
good electrical contact which is necessary for beam sta-
bility.

Sample loading unit. A power supply consisting of a Var-
iac, 6.3-V filament transformer, ammeter, and suitable
electrical contacts may be used to heat the filament to
evaporate sample solution. A heat lamp or heating block

also may be used.

Filament bakeout chamber. A bench-top vacuum system
with a 12-in. bell jar is satisfactory. A 5-V or 6.3-V,

10-A, filament transformer with the primary controlled
by a Variac supplies the necessary current. Apply cur-
rent gradually so that the pressure does not exceed 10"6
Torr. Bakeout is complete after 1 hr at 2000°C. Up to

20 filaments can be degassed simultaneously without ex-

ceeding the heat dissipation capability of the system.

REAGENTS

Anion exchange resin. AG 1-X10, 50 to 100 mesh, chlo-
ride form, Bio-Rad Laboratories, Richmond, Calif.; or
equivalent.

Hydrochloric acid, 12M (37%), 6M, 2M, 0.1M.

Hydrochloric acid-hydriodic acid mixture, 12M HCl-0.1M
HI. Prepare a new batch each 8-hr ghift.

Hydrofluoric acid, 28M (48%)-
Nitric acid, 15.6M (70%), 8M, 1M.
Perchloric acid, 1M.

Plutonium calibration solution. Dissolve the contents of
one ampoule of the NBS 948 plutonium isotopic standard
in 6M HCL.

tration of 0.5 mg Pu/ml.

Dilute to 500 m! with 2M HCI for a concen-
Dilute 1 ml to 10 ml with 2M
HCI to give a concentration of 0.5 ug Pu/10 ul. Store

this solution in a plastic bottle.
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Uranium calibration solutions. Prepare three calibration
solutions by dissolving 12 mg each of NBS U-010, U-500,
and U-930 uranium isotopic standards in minimum amounts <

of 8M HNOS. Dilute to 100 ml with 1M HNO3 to give con-

centrations of 1 ug U/10 ul. Store these solutions in plas- .
tic bottles.
PROCEDURE
Blank

A blank measurement is not routinely required in this
method. However, reagents can become sufficiently con-
taminated to affect the results without immediate detection
by a quality control program because the samples contain
natural uranium and plutonium whose isotopic abundances
may change slightly from sample to sample. For this rea-
son, uranium and plutonium contamination in reagents
shall be checked at least once a month by carrying an ali-
quot of the mixed oxide dissolution reagents entirely
through the procedure used by a laboratory for samples.
The levels of uranium and plutonium in this reagent blank
shall be less than 1 ng of both elements on the mass spec-

trometer filament based on the observed ion currents.

Calibration
Calibration of Detection System

Calibrate the detection system at startup, at least
every three months, and following any alteration which
could affect performance, as follows:

a. Sensitivity scale factors

1. Connect a precision potentiometer in
series with the feedback loop of the

amplifier and short out the galvanometer.

2. Set the amplifier on the 10-mV scale
and apply 10 mV from the potentiometer.

Record the deflection.

3. Repeat step 2 for each amplifier sensi -
tivity setting and the corresponding *
potentiometer voltage.

4. Determine exact scale factors from
the ratios of applied voltage/recorder



deflection for each sensitivity setting.
Use these factors in subsequent deter-

minations.

b. Recorder linearity:
1. Connect a precision potentiometer as

in a-1 above.

2. Set the amplifier on the 1-V scale and
apply voltage in increments of 0.1 V
up to 1 V. Record the recorder deflec-

tion for each increment.

3. Find the cause for and correct any non-
linearity greater than 0.25% of full

scale.

c. Grid resistor linearity and ratio determi-
nation:

If a standard current source is available,

(7]

the test described in TID-7029 is ad-

visable.

Calibration of Complete System

Calibrate the complete mass spectrometer at
startup, at least every three months, and following any

alteration, as follows:

a. Determine the mass discrimination bias for
the Faraday cup and the electron multiplier,

235U/238U ratio

if used, by measuring the
on at least three separate filament loadings
of the NBS-500 standard for each detector.
Average the results and calculate the respec-

tive bias correction factors by

in which
= mass discrimination bias factor per amu

in the U-Pu mass range,

(7] R. J. Jones, Ed., Method 2.500, Selected Mea-
surement Methods for Uranium and Plutonjum in
the Nuclear Fuel Cycle, USAEC Report TID-7029
(1963).

= 235U/238U

Ro = average of observed atom ratio .

235

l_ls = NBS stated atom ratio U/238U

=1.0003 .
Apply these bias corrections to subsequent mea-

surements.

b. Establish the linear range of both detection
systems by measuring the 234U/2 35U ratio
on separate filament loadings of the NBS U-930
standards for each system over a wide range
of ion currents at increments corresponding
to the amplifier scale factors. To aid inter-
pretation, plot the observed ratio vs the 235U
ion current on semilog paper. Analyze sam-

ples only within the linear range.

Daily Verification of Mass Spectrometer Stability

Verify the stability of each mass spectrometer
used in any 8-hr working shift with the NBS 948 plutonium
isotopic standard when plutonium samples are analyzed
during that shift and with the NBS U-010 uranium isotopic
standard when uranium samples are analyzed during that
shift. Maintain control charts for each standard by plot-
ting the ratio of 240Pu/239Pu for NBS-948 and the ratio
of 235U/238U for NBS-010 as functions of time. When the
value of either ratio significantly changes at the .05 sig-
nificance level, do not analyze samples until the cause is
corrected. Possible sources of instability are a deterio-
ration of the electron multiplier, low gain in the electro-
meter amplifier, electrical or mechanical malfunctions in

the recorder, and inadequate regulation in the filament

power supply.

Sample Analysis

Dissolution

1. Dissolve a weighed, whole mixed oxide pellet in 5 to
10 ml of 15.6M HNO3 in 2 50-ml beaker or a 30-ml
platinum dish with covers and with the aid of heat.

A pellet weighed to + 0.2 mg is recommended
because aliquots of the dissolved solution also
can be used for the determination of uranium
and plutonium concentrations by the appropriate
method on p. 47. If a pellet is used only
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for the isotopic abundance measurements, this
step need not be quantitative.

Use platinum dishes if the dissolution reagent is
15.6M HNO_-0.01M HF. This acid mixture gives
faster dissolution rates. In this case, omit step 3

The sealed-tube technique described on p. 5
also may be used for the dissolution.

Repeat the additions of 5 to 10 m! of 15.6M_ HNO,

and heating until dissolution is apparently complete.
Again use simmering heat to speed the dissolu-
tion and use covers to prevent spattering loss.

With the last addition of 156.6M HNO,_, or when the

3
dissolution reaction is complete, add 1 drop of 1M

HT and sufficient 15.6M HNO3 to give a total volume
of 5to 10 ml. Continue the heating until complete
solubility is obtained.

Transfer the solution quantitatively with the aid of at

least five 5-ml rinses of 1M HNO,, to a tared, pre-

3
ferably heavy-walled polyethylene container having

an airtight cap, and weigh to £ 1 mg.

Weighed aliquots of this solution can serve also
for various other analyses, including measure-
ments of uranium and plutonium contents and
iron.

A heavy-walled polyethylene container mini-
mizes changes in concentration caused by trans-
piration of water vapor through the walls.

Separation of Plutonium and Uranium

1.

3.
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Transfer a ~20-ul aliquot of the dissolved mixed
oxide pellet solution into a 5-ml beaker.

This aliquot, which need not be quantitative,
should contain ~ 100 ug of plutonium and ~ 300
ug of uranium. Use a disposable pipet and de-
liver the solution to the bottom of the beaker
without placing any on the walls.

Add 2 drops of 1M HClO s to the sample solution

and fume to near dryness.

Do not contaminate the perchloric acid dropper
with the sample.

Lower oxidation states of plutonium oxidize to
the (VI) oxidation state. Americium and uran-
ium remain at the (IMl) and (VI) oxidation states,
respectively.

After the beaker and contents cool to room tempera-

ture, add 1 m! of 12M HCl, and mix.

10.

Use a new medicine dropper to mix the solution
and for the transfer in the next step.
Transf er the solution to a new ion exchange column
containing the 12M HCl-equilibrated anion exchange
resin and discard the effluent.
Plutonium and uranium absorb on the resin as
chloride complexes of Pu(VI) and U(VI), ameri-
cium and most impurity elements elute from the
column.
After the original sample solution descends to the
top of the resin bed, pass 3 ml of 12M HCI through
the column in 15 approximately equal 200-ul addi-
tions, and discard the effluent.

Wait between each addition until the previous
addition descends to the top of the resin bed. Add
the elutant in a manner to wash down the walls of
the reservoir. This step elutes the americium
and impurity element tailings.
Pass 2 ml of freshly prepared 12M HCl-0.1M HI
through the column and collect the effluent in a clean
small vial with either a plastic screw cap or a plas-

tic stopper and mix the contents.
Plutonium reduces to the (III) oxidation state
which elutes from the column. Uranium re-
maing absorbed on the resin column.
With a clean disposable pipet (see APPARATUS),
transfer ~ 10 ul of the eluted plutonium fraction to
the sample filaments of a triple filament assembly
which is mounted in the sample loading unit and eva-
porate slowly to dryness.

The amount of plutonium transferred to the sam-
ple filaments is ~ 0.5 ug, about ideal when a
Faraday cup collector is used.

8Pu mea-

Restopper the vial and reserve it for the 23
surement by alpha spectrometry, if desired.

About 100 ug of plutonium is in this tube.

Pass 4 ml of 12M HCl-0. 1M HI through the column
and discard the effluent.

Plutonium tailings elute from the column. Addi-
tional 12M HCI1-0.1M HI may be passed through
if a higher plutonium separation factor is desired.
Uranium does not significantly migrate down the
highly cross-linked resin.

Pass 2 ml of 0, 1MHCI through the column in 10
approximately equal 200-ul additions and collect




the effluent in a clean small vial with either a plastic
screw cap or a plastic stopper and mix the contents.

Wait between each addition until the previous ad-
dition descends to the top of the resin bed. Add

the elutant in 2 manner to wash down the walls of
the reservoir. Uranium elutes from the column.

11, With a clean disposable pipet (see APPARATUS),

transfer 5 to 10 ul of the eluted uranium frac-

tion to the sample filaments of a triple-filament as-
sembly which is mounted in the sample loading unit
and evaporate slowly to dryness.

The amount of uranium transferred to the sample
filaments is 0. 75 to 1.5 ug, about ideal when a
Faraday cup collector is used.

Mass Spectrometric Analysis of Plutonium

1.

Introduce the loaded filament assembly into the ion
source using the procedure recommended by the in-

strument manufacturer.

When the source pressure drops to 2 x 10-7Torr, be-
gin degassing by passing a 3-A current through the

ionizing filament.

When the source pressure is below 10 CTorr with
the ionizing filament heated, turn on the high voltage
and adjust the high voltage and magnet to bring in
m/e 239.

Increase the ionizing filament current to ~ 4.5A,
then slowly increase the sample filament currents

until an ion beam is detected.

Adjust focus controls and mechanical alignment for
maximum beam intensity.

Increase the sample filament currents until the 239Pu
ion current is the range of 107 A,

239
With an electron my.}giplier, the desired Pu
ion current is ~ 10 A. It may be necessary
to experiment with different combinations of
filament currents to achieve a stable beam of the
desired intensity.
Scan the spectrum repeatedly in both directions over
the mass range of 239 through 242 until at least nine
spectra have been recorded. Use scale settings that
will cause each peak to be recorded on the top half

of the strip chart.

8.

Magnetic field scanning is preferred.
Collect data only when the ion beam is essentially
constant.
Reduce the sample filament currents to zero, record
the zero readings for each scale setting used, and re-

move the chart for calculations.

Mass Spectrometric Analysis of Uranium

1.

Introduce the loaded filament assembly into the ion
source, using the procedure recommended by the in-

strument manufacturer.

When the source pressure drops to 2 x 10_7Torr, be-
gin degassing by passing a 3-A current through the

ionizing filament.

When the source pressure is below 10—'6 Torr with the
ionizing filament heated, turn on the high voltage and
adjust the high voltage and magnet to bring in m/e 238.

us on the major isotope -238U in most cases;
8

U in the case of NBS U-930.
Increase the ionizing filament current to 4.5 A, then
slowly increase the sample filament currents until
an ion beam is detected.

If no ion beam is detected with sample filament
currents of 2 A, reduce the currents to 1 A and
focus on the fon beam of the ionizing filament
material, then go back to the uranium beam.
Adjust focus controls and mechanical alignment for

maximum beam intensity.

. . 238
Increase the sample filament currents until the u
ion current is in the range of 107 A

With an electron g)ultiplier, the desired 238U ion
. -1
current is ~ 10 A. It may be necessary to ex-
periment with different combinations of filament
currents to achieve a stable beam of the desired
intensity.
Scan the spectrum repeatedly in both directions over
the range of interest until at least nine spectra have
been recorded. Use scale settings that will cause
each peak to be recorded on the top half of the strip
chart.
Magnetic field scanning is preferred.

Collect data only when the ion beam intensity is
essentially constant.
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8. Reduce the sample filament currents to zero, record
zero readin gs for each scale setting used, and remove

the chart for calculations.

Calculations

Plutonium

Relative ion beam intensities, proportional to
atom abundances, are measured by interpolating between
peak tops and making all measurements of individual iso-
topes for one set of ratios at one point on the x-axis (one
common time) to remove the effect of changes in beam
intensity with time. Readings can be made at any point
after the completion of the first single sweep and before
the beginning of the last sweep. The preferred procedure
is to take a reading of all isotopes at each time the sweep
direction is changed (turnaround). Measurements should
be made in pairs. One reading at the high-mass turna-
round and one at the adjacant low-mass turnaround con-
stitute a pair. To obtain N pairs of consecutive read-
ings, 2N + 1 single sweeps in alternate directions are
required.

1. Draw lines on the chart connecting the tops of the
consecutive peaks of the same isotope for each iso-
tope to be measured.

2. Draw vertical lines on the chart at or near the turn-
around points corresponding to each change in sweep
direction.

3. Read the interpolated peak height of each isotope at
the intersection of each vertical line with the inter-
polating lines.

4. Make zero corrections where required, us;ng the
zero readings taken for each scale setting.

5. Combine the zero-corrected peak height readings in
pairs. Add these readings for each isotope at the
first high-mass turnaround to the corresponding read-
ings at the first low-mass turnaround. Repeat for
the second, third, and fourth pairs.

6. Determine the agreement among the four paired mea-
surements. Divide each of the four 239Pu readings

by the corresponding 24OPu reading. The range of

the four ratios thus obtained shall not exceed 0.6%
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Pu readings by

Divide each of the four 239

relative.
the corresponding 241Pu reading. The range of these
four ratios shall uot exceed 3% relative. If either
. range is exceeded, collect additional data until agree-
ment is obtained.
7. Calculate T Peak Height for each isotope by summing

the eight zero-corrected interpolated readings.

8. Calculate the true peak heights (MASStrue) by multi-
plying each peak height sum by the exact scale factor
for the scale setting used to record that isotope peak.

9. Calculate the bias-corrected peak heights
(MASScorr) by:

23800rr = zsstrue(l -B),
239 = 239 ,

corr true
24000,:r = (240true)(l+ B) ,
241corr = (241true)(1 +2B) ,
24200rr = (242true)(1 + 3B),

where B = the previously determined bias correction fac-

tor per atomic mass unit.

10. Convert from atom to weight basis by multiplying
corrected peak heights by the corresponding atomio

mass (whole number accuracy is adequate).

11. calculate the weight percent of each isotope by divi-
ding its weight basis peak height by the sum Of the
weight basis peak heights, and multiplying by 100.

Uranium

Relative ion beam intensities, proportional to atom
abundances, are measured by interpolating between peak
tops and making all measurements of individual isotopes
for one set of ratios at one point on the x-axis (one com-
mon time) to remove the effect of changes in beam inten-
sity with time. Readings can be made at any point after
the completion of the first single sweep and before the be-
ginning of the last sweep. The preferred procedure is to
take a reading of all isotopes at each time the sweep di-
rection is changed (turnaround). Measurements should
be made in pairs. One reading at the high-mass turna-

round and one at the adjacent low - mass turnaround con-




stitute a pair. To obtain N pairs of consecutive readings,

2N + 1 single sweeps in alternate directions are required.

1.

Draw lines on the chart connecting the tops of the con-
secutive peaks of the same isotope for each isotope

to be measured.

Draw vertical lines on the chart at or near the turna-
round points corresponding to each change in sweep

direction.

Read the interpolated peak height of each isotope at
the intersection of each vertical line with the inter-

polating lines.

Make zero corrections where required, using the

zero readings taken for each scale setting.

Combine the zero-corrected peak height readings in
pairs. Add these readings for each isotope at the
first high-mass turnaround to the corresponding read-
ings at the first low-mass turnaround. Repeat for the

second, third, and fourth pairs.

Determine the agreement among the four paired mea-
8U measure-
The
range of the four ratios thus obtained shall not ex-

ceed 5%.

Divide each of the four 23

3
5U measurement.

surements.

ments by the corresponding 2

If this range is exceeded, record additional

spectra until agreement is obtained.

Calculate & peak height for each isotope by summing

the eight zero-corrected interpolated readings.

Calculate the true peak heights (MASStrue) by multi-
plying each peak height sum by the exact scale factor

for the scale setting used to record that isotope peak.

Calculate the bias-corrected peak heights

(MASScort) by:
238 e T et B,
235 = 234 ,
corr {rue
236 = 236 (1+ B),
corr true
238 =

corr = 238,e(1* 3B) -

10.

11.

Convert from atom to weight basis by multiplying
each corrected peak height by the corresponding

atomic mass (whole number accuracy is adequate).

Calculate the weight percent of each isotope by di-
viding its weight basis peak height by the sum of the
weight basis peak heights. For natural uranium sam-
ples, only the 235U and 238

and calculated.

U peaks need be recorded
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DETERMINATION OF THE ISOTOPIC DISTRIBUTION OF

URANIUM AND PLUTONIUM IN MIXED-OXIDE PELLETS

BY MASS SPECTROMETRY FOLLOWING LIQUID-LIQUID
EXTRACTION SEPARATION

SUMMARY

Plutonium and uranium are sequentially separated
by a two-cycle thenoyltrifluoroacetone (TTA)-xylene ex-
traction procedure and the separated fractions are indi-
vidually analyzed for isotopic abundances by thermal ion-
ization mass spectrometry. The mass spectrometric
conditions for the plutonium analysis are designed to
minimize the ionization of uranium that carries through
with the plutonium, thereby providing results for the iso-
topic abundance of 238Pu as well as the higher mass

plutonium isotopes.

APPLICABILITY
This method[l]is applicable to the determina-
tion of the isotopic distributions of uranium and plu-
tonium in mixed oxide fuel pellets. It is an alternative
to the mass spectrometric method based on an ion ex-
change separation scheme given on p. 23 for mixed oxide
fuel pellets. Although the ion exchange separation is
faster, this liquid-liquid extraction method is included

for those laboratories that prefer to use it.

The measurement of the abundances of uranium
and plutonium isotopes by thermal ionization mass spec-
trometry, as described in this method, is highly reliable
over the range of 0.01 to 100% with extension to lower
values provided that mass interferences are not present
and that the chemical preparation steps are carefully
done to minimize contamination. A single analysis in-
cluding the chemical separation and the mass spectro-

metry both of uranium and plutonium takes about 2.5 hr;
1 hr for the chemical separation and 45 min for each mass
spectrometric measurement. This time is for a mass

spectrometer equipped with a vacuum lock on the source.

(1] A. ¢. Leaf and M. W. Goheen, Methods 10.2 and
10.5, USAEC Report WHAN-IR-5 (August 1970).

The average time per sample for the chemical separa-
tion decreases to about 30 min when a group of samples

is analyzed.

RELIABILITY

The pooled data obtained by seven laboratories
for the abundances of the plutonium isotopes 239, 240,

241, and 242 in mixed oxide fuel pellets with a uranium

to plutonium ratio of 3 to 1 were: (2]
Pu Average of Within-Lab Between-Lab
Isotope all Labs Std Dev Std Dev
239 86. 84 0.029 0.017
240 11.56 0.024 0.010
241 1.45 0.007 0.008
242 0.13 0.0017 negligible

These precisions substantially agree with those
obtained by 12 laboratories on a series of uranium and
plutonium materials analyzed on thermal ionization mass
spectrometers using both single and triple filament

(3]

sources. In general, the absolute precision is a
function of the level of the abundance of an isotope and
not of the isotopic mass. The absolute within-laboratory
standard deviations ranged from ~ 0.0004% at an isotopic
abundance of 0.01 to ~ 0.02% at isotopic abundances

greater than 90%.

DISCUSSION OF THE METHOD

The separation of uranium and plutonium in this
method is based on a sequential two-cycle extraction of
plutonium and uranium into TTA-xylene. An aliquot of
the dissolved mixed oxide fuel, containing ~ 10 ug of ur-
anium and ~ 3 ug of plutonium, is evaporated to dryness,
dissolved in 2M HCI, and the plutonium is reduced to the
(ITI) oxidation state with ferrous sulfamate and hydroxyl-
amine hydrochloride. An initial TTA extraction is made
to scavenge extractable impurities, if necessary. Plu-

tonium is oxidized to the (IV) oxidation state with nitrite

(2] C. F. Metz, R. G. Bryan, and R. K. Zeigler, LASL
Report CMB-1-861 (November 1968).

(3] M. W. Lerner, USAEC Report NBL-231,1966).
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and extracted into TTA-xylene. This TTA-xylene extract
is scrubbed with 1M HNOS, the plutonium is back-extrac-
ted into 8M_ HNOS, evaporated to dryness, and dissolved
in dilute nitric acid for the mass spectrometric analysis.
The aqueous phase remaining from the extraction of the
plutonium, which contains the unextracted uranium, is
first treated with hydroxylamine hydrochloride to reduce
any residual plutonium to the nonextractable (III) oxida-
tion state. To further hinder extraction of plutonium,
EDTA is added. The solution is adjusted to ~ pH 2 (ba-
sic side of methyl violet) by the addition of sodium hydrox-
ide and the uranium ls extracted into TTA-xylene. The
uranium then is back-extracted into 1M HNOS, fumed
with perchloric acid, and dissolved in dilute nitric acid
for the mass spectrometric analysis.
The most difficuit nuclide to determine in mixed

oxide fuels by mass spectrometry is 238Pu. The speci-
fication for the 238Pu isotopic abundance in the pluton-
ium of LMFBR/FFTF fuel is a maximum 0.15%. Ina
mixed oxide pellet in which the uranium (natural) to plu-
tonium ratio is 3 to 1, the 238U/238Pu ratio at this spec-
ification limit is almost 2000 to 1 and increases propor-
tional to a decrease in the 238Pu content. With equal ion-
ization efficiency of the uranium and plutonium from a

mass spectrometer filament, a separation factor of about

60,000 for uranium in the plutonium fraction would be re-
quired to determine the 238Pu isotopic abundance with

a standard deviation of 0.005 absolute abundance per-
cent. Because this degree of separation is not always
attained in this liquid-liquid extraction procedure, the
mass spectrometer conditions are designed to preclude
the ionization of uranium in the plutonium analysis.
These conditions are the loading of a small amount of
sample (containing 1 to 10 n g of plutonium) onto a single
filament source and the addition of sucrose to the evap-
orated sample on the filament. The small amount of ura-
nium is not significantly volatilized and ionized from the
filament under these conditions and a satisfactory vola-
tilization and ionization of the plutonium is obtained.
This small amount of sample requires an electron mul-
tiplier as the detector. In the alternative (jon exchange)

separation) method on p. 23, microgram amounts
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of plutonium are loaded to permit the use of a Faraday
cup collector. Compared to the electron multiplier, the
Faraday cup requires essentially no mass discrimination
corrections and has a more linear response.

A major factor governing the attainment of satis-
factory analyses is fastidious operation, necessary to
preclude natural uranium contamination and sample cross-
contamination. Purified reagents, especially acids,
stored in plastic or quartz bottles are stipulated, inex-
pensive glassware and plastic ware that are discarded
after use for one sample are strongly recommended, and
the working areas must be scrupulously clean. Inasmuch
as the measurement is for isotopic abundances only, the
operations need not be quantitative.

The selection of the two methods presented here
and on p. 23 was based on their proven capability for
mixed oxide fuel samples.

method, (4] designed for irradiated fuel samples with a

The ASTM ion exchange

very high preirradiated ratio of uranium to plutonium
and containing fission prodwts, is relatively long and
does not give a plutonium fraction sufficiently free of
uranium to permit the reliable measurement of the 238Pu
isotopic abundance.

USAEC Manuat - 5]

The only method presented in the
that is applicable to uranium-pluton-
ium fuels is based on a liquid-liquid extraction that gives
a combined uranium-plutonium fraction for simultaneous
analysis in a triple-filament source, thermal ionization
mass spectrometer. This method is not recommended
because the precision of the measured isotopio abundance
values both of uranium and plutonium is about twice poor-
er than the precision obtained when separated uranium
and plutonium fractions are independently analyzed 3]
and because 238Pu cannot be measured in the presence

of 238U.

(4] ASTM Standards, Part 30, Method E267-67T,

American Society for Testing and Materials,
Philadelphia (1969).

(5] R. J. Jones, Ed., Method 4.502, Selected Mea-
surement Methods for Plutonium and Uranium in

the Nuclear Fuel Cycle, USAEC Report TID-7029
1963 ). 1
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OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS
Special care must be taken when handling the con-
ceutrated acids used in this method. As a minimum pre-
caution, rubber gloves should be worn.
Mass spectrometers have high-voltage circuits.
Congult the manufacturer's manual before opening any

instrument panel doors or latches.
APPARATUS
Centrifuge. International Clinical, or equivalent.

Disposable pipets. Prepare these by drawing 7-mm
borosilicate glass tubing to about 0.040-in. o.d. for a
length of 3 in. A similar length of Teflon thin-walled
tubing of such diameter as to fit over a standard hypo-
dermic needle also may be used. (This tubing is ob-
tainable from Chemplast, Inc., 150 Dey Road, Wayne,

N. J. 07470). Use these pipets once and discard them.

Extraction equipment. The various aqueous-organic
extractions are conveniently done in test tubesor centri-
fuge tubes with polyethylene stoppers. The desired
phase is removed with a syringe-operated disposable
pipet. Phase mixing is efficiently accomplished with a

vortex mixer.
Medicine droppers, 1-ml.
Infrared heating lamp.

Mass spectrometer. The instrument shall have mini-
mum characteristics as follows:
Source: thermal ionization with single filament. (A
triple-filament source also is satisfactory for pluton-
ium). A vacuum lock is recommended to maintain an-

alyzer vacuum which increases sample throughput.

Analyzer: an analyzer and vacuum system capable of
producing a resolving power of at least 400 and an
abundance sensitivity at mass 238 of at least 20, 000.
Resolving power is defined as M/AM, where OM is the
width, in atomic mass units, of a peak at mass M at
5% of its height. Abundance sensitivity is defined as
the ratio of total ion current at mass M to its contri-

bution at mass M-1, customarily measured at masses

238 and 237 for a spectrum produced from a filament

loading of natural uranium.

Detector: a system consisting of a Faraday cup and an
electron multiplier, externally selectable, followed by
an electrometer amplifier and a potentiometric rec-
order. Pulse counting systems using an electron mul-
tiplier or a scintillator-photomultiplier, as well as
automatic data acquisition apparatus, also may be used.
Several commercially available mass spectro-

meters meet or exceed all the above requirements.

Mass Spectrometer Accessories.

Filaments may be made from tantalum, rhenium, or
tungsten ribbon, nominally 0.001 x 0.030 in. Filaments
should not be handled by bare hands. They should be
prepared and stored so as to minimize contamination by

uranium.

Filament forming jigs are used to form the filaments in-
to the configuration required by the mass spectrometer

and to hold the filaments in place for welding.

A spot welder is used to weld the filament ribbons to the
support posts. Welds must be made carefully to ensure
good electrical contact which is necessary for beam sta-
bility.

Sample loading unit. A power supply consisting of a
Variac, 6.3-V filament transformer, ammeter, and
suitable electrical contacts may be used to heat the fila-
ment to evaporate sample solution. A heat lamp or heat-

ing block also may be used.

Filament bakeout chamber. A bench-top vacuum system
with a 12-in. bell jar is satisfactory. A 5-V or 6.3-V,
10-A, filament transformer with the primary controlled
by a Variac supplies the necessary current. Apply cur-
rent gradually so that the pressure does not exceed 10"6
Torr. Bakeout is complete after 1 hr at 2000°C. Up to
20 filaments can be degassed simultaneously without ex-

ceeding the heat dissipation capability of the system.
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REAGENTS
EDTA, 0.03M, adjusted to pH 7 with NaOH.
TFerrous sulfamate, 3.2M,

Hydrochloric acid, 6M, 2M, 1M.
Hydrofluoric acid, 28M (48%).
Hydroxylamine hydrochloride, 5M.

Methyl violet, 0.05% in water.
Nitrio acid, 15.6M(70%), 8M, 1M.

Plutonium calibration solution. Dissolve the contents of
one ampoule of the NBS 948 plutonium isotope standard

in 6M HCl. Dilute to 500 ml! with 2M HCI for a concen-

tration of 0.5 mg Pu/ml. Dilute 1 ml to 10 m! with 2M_
HCl to give a concentration of 0.5 ug/10ul. Store this
solution in a plastic bottle,

Sodium hydroxide, 4M.
Sodium nitrite, 2M.
Sucrose, 0.04M .

TTA, 0.5M in xylene.

Uranium calibration solutions. Prepare three calibra-
tion solutions by dissolving 12 mg each of NBS U-010,
U-500, and U-930 uranium isotopic standards in mini-
mum amounts of 8M_ HNOs. Dilute to 100 ml with 1M
HNO3 to give concentrations of 1 ug U/10 ul. Store
these solutions in plastic bottles.

PROCEDURE
Blank

A blank measurement is not routinely required
in this method. However, reagents can become suffi-
ciently contaminated to affect the results without imme-
diate detection by a quality control program because the
samples contain natural uranium and plutonium whose
i{sotopic abundances may change slightly from sample to
sample. For this reason, uranium and plutonium con-
tamination in reagents shall be checked at least once a
month by carrying an aliquot of the mixed oxide dissolu-
tion reagents entirely through the procedure used by a

laboratory for samples. The levels of uranium and plu-
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tonium in this reagent blank shall be less than 1 ng of
both elements on the mass spectrometer filament based

on the observed ion currents.

Calibration

Calibration of Detection System

Calibrate the detection system at startup, at
least every three months, and following any alteration
which could affect performance, as follows:

a. Sensitivity scale factors

1. Connect a precision potentiometer in
series with the feedback loop of the am-
plifier and short out the galvanometer.

2. Set the amplifier on the 10-mV scale and
apply 10 mV from the potentiometer. Re-
cord the deflection.

3. Repeat step 2 for each amplifier sensiti-
vity setting and the corresponding poten-
tiometer voltage.

4. Determine exact scale factors from the
ratios of applied voltage/recorder deflec-
tion for each sensitivity setting. Use
these factors in subsequent determinations.

b. Recorder linearity:

1. Connect a precision potentiometer as in
step a-1 gbove.

2. Set the amplifier on the 1-V scale and ap-
ply voltage in increments of 0.1 V up to
1 V. Record the recorder deflection for
each increment.

3. Find the cause for and correct any non-
linearity greater than 0.25% of full scale.

c. Grid resistor linearity and ratio determin-
ation:

If a standard current source is available, the

test described in TID-7029 (6] is advisable.

Calibration of Complete System
Calibrate the complete mass spectrometer at

startup, at least every three months,and following any

(6] R. J. Jones, Ed., Method 2.500, Selected Measure-
ment Methods for Uranium and Plutonium in the Nuc-
lear Fuel Cycle, USAEC Report TID-7029 (1963).




alteration, as follows:

a. Determine the mass discrimination bias both
for the electron multiplier and the Faraday
cup by measuring the 235U/238U ratio on at
least three separate filament loadings of the
NBS U-500 standard for each detector. Av-
erage the results and calculate the respective

bias correction factors by:

R
[o}

where B = mass discrimination bias factor per amu in
the U-Pu mass range,

1_20= average of observed atom ratio 235U

238U =1.0003 .

238
/#38y,

Rs= NBS stated atom ratio 235U/

Apply these bias corrections to subsequent determina-
tions.
b. Establish the linear range of both detection

2 3
systems by measuring the 34U/2 5

U ratio
on separate filament loadings of the NBS
U-930 standard for each system over a wide
range of ion currents at increments corres-
ponding to the amplifier scale factors. To
aid interpretation, plot the observed ratio

vs the 235U ion current on semilog paper.

Analyze samples only within the linear range.

Daily Verification of Mass Spectrometer Stability

Verify the stability of each mass spectrometer
used in any 8-hr working shift with the NBS 948 pluton-
ium isotopic standard when plutonium samples are an-
alyzed and with the NBS U-010 uranium isotopic stan-
dard when uranium samples are analyzed during that
shift. Maintain control charts for each instrument for
each standard as follows: ratio of 235U/238U for NBS
U-010 and ratio of 240Pu/239Pu for NBS 948. When the
value of either ratio changes at the .05 significance
level, do not analyze samples until the cause is correc-
ted. Possible sources of instability are a deterioration
of the electron multiplier, low gain in the electrometer

amplifier, electrical or mechanical malfunctions in the

recorder, and inadequate regulation in the filament power

supply.

Sample Analysis

Dissolution

1. Dissolve a weighed, whole, mixed oxide pellet in 5

to 10 ml of 15.6M HNO3 in a 50-ml beaker ora 30-ml

platinum dish with covers and with the aid of simmer-
ing heat,

These dissolution conditions are the same as des-
cribed for method "Determination of Uranium or
Plutonium by Controlled Potential Coulometry, *
p. 47.

Weigh all samples to + 0.2 mg.

A 15.6M HNO_ - 0.01M HF mixture may be used
for dissolution with platinum dishes. This mix-
ture gives faster dissolution rates. If this mix-
ture is used, omit step 3.

Rapid dissolution rates may be obtained with the
sealed-tube technique described on p. 5.
2. Repeat the additions of 5 to 10 ml of 15.6M HNO3 and
heating as necessary until dissolution is apparently

complete.

3. With the last addition of 15.6M_ HNO3 or when the

dissolution reaction is complete, add 1 drop of 1M

HF and sufficient 15.6M HNO,, to give a total volume

3
of 5to 10 ml. Continue heating until the sample is

completely dissolved.

4. Transfer the solution quantitatively with the aid of at

least five 5-ml rinses of 1M HNO, to a tared, pre-

3
ferably heavy-walled polyethylene container having an
airtight cap, and weigh to = 1 mg.

A heavy-walled polyethﬁene container minimizes
changes in concentration caused by transpiration
of water vapor through the walls.

Separation of Uranium and Plutonium

1. Transfer a 50-ul aliquot of the dissolved mixed oxide
pellet solution into a small vial or tube, dilute to 1 ml
with 2M HCl, and mix.

Use a disposable pipet for this transfer. This
step need not be quantitative.

2. Transfer 10 ul of the diluted solution to a 13- x 100-

mm test tube.
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11,

12.
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Use a disposable pipet. This aliquot, which need
not be quantitative, should contain ~ 10 pug of ur-
anium and ~ 3 pg of plutonium.

Add 2 ml of 2M HCl and mix.

Add 10 ul of 3.2M  ferrous sulfamate and 50 ul of 5M_
hydroxylamine hydrochloride and heat just below boil-
ing for 5 min,

Higher oxidation states of plutonium reduce to
Pu(Ill). Uranium remains in the (VI) oxidation
state.

Add 2 m! of 0.5M TTA-xylene and place a polyeth-

ylene stopper in the tube.

Mix for 2 min and then centrifuge at 3/4 speed for
1 min.

A vortex mixer is recommended for mixing in

this and all subsequent steps. Extractable im-

purities are extracted in this step. With "pure"

mixed oxide samples, experience may show that

this step, step 5, and step 7 are not necessary.
Transfer the aqueous phase to a clean 13- x 100-mm
test tuhe. Discard the TTA phase.

Insert a disposable medicine dropper with a
drawnout tip through the top TTA-xylene phase
while maintaining positive pressure on the syringe
so as not {0 take any of the top phase.
Add 0.5 ml of 2M sodium nitrite and heat just below
boiling for 5 min.

Plutonium (III) oxidizes to the (IV) oxidation state

which extracts into TTA-xylene. Uranium re-

mains in the nonextractable (VI) oxidation state.
Add 2 ml of 0.5M TTA-xylene and place a poly-

ethylene stopper in the tube.

Mix for 2 min and then centrifuge at 3/4 speed for
1 min.
Plutonium (IV) extracts into the TTA-xylene
phase; U(VI) extracts only slightly.
Transfer the TTA-xylene phase to a clean 13- x
100-mm test tube and reserve the aqueous phase
for separation of the unextracted uranium starting
at step 18.

Use a disposable medicine dropper for the
transfer.

Add 2 ml of 1M HNO3 to the TTA-xylene phase con-
taining the extracted plutonium, and place a poly-

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

ethylene stopper in the tube.

Mix for 2 min and then centrifuge at 3/4 speed for
1 min.
Extracted uranium is back-extracted into the 1M
HNO3 phase.
Transfer the TTA-xylene phase to a clean 13- x 100-
mm test tube. Discard the aqueous phase.
Use a disposable medicine dropper for the trans-
fer.
Add 1 ml of 8M HNO, to the transferred TTA-xylene

phase and place a polyethylene stopper in the tube.

Mix for 2 min and then centrifuge at 3/4 speed for
1 min,

Plutonium back-extracts into the 8M HNO,.
Transfer the 8M_ HNO3 phase to a clean 10- x 75-mm
test tube, place a polyethylene stopper in the tube,
and reserve it for the mass spectrometric measure-

ment of plutonium isotope abundances.

Insert a disposable medicine dropper with a
drawnout tip through the top TTA-xylene phase
while maintaining positive pressure on the syringe
so as not to take any of the top phase. Inscribe
the sample number and the words 'plutonium
fraction'’ on the tube.

Remove the last traces of the TTA-xylene phase

from the aqueous phase containing the uranium from

step 11 and discard these traces.

To more effectively separate the plutonium, also
remove a small portion of the aqueous phase.
Add 0.2 ml of 5M hydroxylamine hydrochloride and

heat just below boiling for 5 min.
Any residual plutonium reduces to the (I) oxi-
dation state.

Add 1 ml of 0.03M EDTA adjusted to pH 7.

EDTA forms a stable complex with Pu(IfI) which
greatly decreases its extraction into TTA-xylene
in step 23.

Add 1 drop of 0.05% methyl violet.

Dropwise add 4M NaOH while gently mixing the con-
tents of the tube until the solution turns blue, then
add one more drop of 4M NaOH.



23.

24.

25.

26.

27.

28.

The pH of the solution is now about 2 at which val-
ue U(VI) extracts into TTA-xylene.
Add 2 ml of 0.5M TTA-xylene and place in a poly-
ethylene stopper in the tube.

Mix for 2 min and then centrifuge at 3/4 speed for
1 min.
Uranium extracts into the TTA-xylene phase;
plutonium only slightly extracts.
Transfer the TTA-xylene phase to a clean 13- x 100-
mm test tube.
Use a disposable medicine dropper for the trans-
fer.
Add 1 ml of IM HNO3 to the transferred TTA-xy -
lene phase and place a polyethylene stopper in the
tube.

Mix for 2 min and then centrifuge at 3/4 speed for
1 min.

Uranium back-extracts into the 1M HNOS.
Transfer the 1M }{NO3 phase to a clean 13- x 100-
mm test tube, place a polyethylene stopper in the
tube, and reserve it for the mass spectrometric

measurement of uranium isotope abundances.

Insert a disposable medicine dropper with a
drawnout tip through the top TTA-xylene phase
while maintaining positive pressure on the syringe
s0 as not to take any of the top phase. Inscribe
the sample number and the words 'uranium frao-
tion'' on the tube.

Massg Spectrometric Analysis of Plutonium

1.

Evaporate the 8M HNO3 solution, containing ~ 3 ug
of plutonium, from step 17 in the previous subsec-
tion, to dryness.

Do not boil the solution as spattering will contam-
inate the environs. The combination of a heat
lamp and a filtered air jet will give fast evapora-
tion with no bumping of the solution. Do not bake
the residue because plutonium dioxide that may
form is not readily soluble in 1M HNO_ used in
— 3
the next step.

Add 1 ml of 1M HNO,_ and heat gently until solution

3
is complete.

Using a new disposable pipet, transfer 3 to 5 ul of

the solution to a prebaked single filament which is

10.

11.

mounted in the sample loading unit and evaporate
slowly to dryness.

Do not let the solution spatter as this will con-
taminate the environs. The low surface tension
of the clean baked filament may make loading
quite difficult.
Slowly add 5 ul of 0.04M sucrose with a new dispos-
able pipet and heat until the sucrose chars.

Adding the sucrose and charring first tends to
keep the plutonium near the center of the filament

Introduce the loaded filament assembly into the ion

source using the procedure recommended by the in-

strument manufacturer.

When the source pressure is 2 x 10-7 Torror lower,
pass current through the filament until it becomes
barely red from heating.

This degasses the sample residue and filament.

When the source pressure is below 10"6 Torr with the
filament heated, turn on the high voltage and adjust
the high voltage and magnet to bring in m/e 239.

Beginning at 2.5 A, increase the filament current in
steps of 0.1 A scanning about 1%. in each direction
between steps. When an ion beam is detected, ad-
just focus controls and mechanical alignment for
maximum beam intensity.
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Increase the filament current until the 2 Pu ion cur-

rent is ~ 1072 A.

Scan the spectrum over m/e 238 through 242 in both
directions repeatedly until at least nine spectra have
been recorded, using scale settings that will cause

each peak to be recorded on the top half of the chart.

Magnetic field scanning is preferred because it
introduces less mass discrimination than does
voltage scanning. Collect data only when the ion
beam intensity is essentially constant.

Reduce the filament current to zero, record zero
readings for each scale factor used, and remove the

chart for calculation.

Mass Spectrometric Analysis of Uranium

1.

Evaporate the 1M HNO,_ solution, containing ~ 10 ug

3
of uranium, from step 28 in the subsection ""Separation

39



10.
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of Yranium and Plutonium, *' to dryness.

Do not boil the solution as spattering will contam-
inate the environs. The combination of a heat
lamp and a filtered air jet will give fast evapora-
tion with no bumping of the solution.

Add 50 ul of 1M HNO,, with a new disposable pipet

3
and heat gently until solution is complete.

With the same pipet used in step 2, transfer ~ 5 ul of
the solution to the sample filaments of a triple fila-
ment assembly which is mounted in the sample load-

ing unit, and evaporate slowly to dryness.

Introduce the loaded filament assembly into the ion
source, using the procedure recommended by the

instrument manufacturer.

When the source pressure drops to 2 x 10-7Torr, be-
gin degassing by passing 3 A of current through the
ionizing filament.

When the source pressure is below 10-6Torr with
the ionizing filament heated, turn on the high voltage
and adjust the high voltage and magnet to bring in
m/e 238.

&?gus on the major isot:ope,238
U in the case of NBS U-930.

U in most cases,

Increase the ionizing filament current to 4.5 A, then
slowly increase the sample filament currents until
an ion beam is detected.

If no ion beam is detected with sample filament
currents of 2 A, reduce the currents to 1 A and
focus on the ion beam of the ionizing filament
material, then go back to the uranium beam.

Adjust controls for maximum beam intensity with

symmetrical peak shape.

Increase the sample filament currents until the 238U

ion current is in the range of 10712 A when the elec-
tron multiplier is used, or 10"11 A when the Faraday
cage is used.

It may be necessary to experiment with different
combinations of filament currents to achieve a
stable beam of the desired intensity.
Scan the spectrum repeatedly in both directions over
the mass range of interest until 3t least nine spectra

have been recorded. Use scale settings that will

cause each peak to be recorded on the top half of the
strip chart.
Magnetic field scanning is preferred.

Collect data only when the ion beam intensity is
essentially constant. -

11. Reduce the sample filament currents to zero, re-
cord zero readings for each scale setting used, and

remove the chart for calculation.

Calculations

Plutonium

Relative ion beam intensities, proportional to
atom abundances, are measured by interpolating between
peak tops and making all measurements of individual iso-
topes for one set of ratios at one point on the x-axis (one
common time) to remove the effect of changes in beam in-
tensity with time. Readings can be made at any point af-
ter the completion of the first sweep and before the begin-
ning of the last sweep. The preferred procedure is to
take a reading of all isotopes at each time the sweep di-
rection is changed (turnaround). Measurements should
be made in pairs. One reading at the high-mass turna-
round and one at the adjacent low-mass turnaround con-
stitute a pair. To obtain N pairs of consecutive readings,
2N + 1 single sweeps in alternate directions are required.
1. Draw lines on the chart connecting the tops of the con-

secutive peaks of the same isotope for each isotope

to be measured.

2. Draw vertical lines on the chart at or near the turn-
around points corresponding to each change in sweep

direction.

3. Read the interpolated peak height of each isotope at
the intersection of each vertical line with the inter-

polating lines.

4. Make zero corrections where required, using the

zero readings taken for each scale setting.

5. Combine the zero-corrected peak height readings in
pairs. Add these readings for each isotope at the
first high-mass turnaround to the corresponding read-
ings at the first low-mass turnaround. Repeat for the

second, third, and fourth pairs.



6. Determine the agreement among the four paired mea-
surements. Divide each of the four 239Pu measure-
ments by the corresponding 24oPu measurements.
The range of the four ratios thus obtained shall not
exceed 1.5% relative. Divide each of the four 239Pu

241
Pu measure-

measurements by the corresponding
ments. The range of these four ratios shall not ex-
ceed 4% relative. If either range is exceeded, col-

lect additional data until agreement is obtained.

7. Calculate Z peak Deight for each isotope by summing
the eight zero-corrected interpolated readings.

8. Calculate the true peak heights (MASStrue) by multi-
plying each peak height sum by the exact scale fac-
tors for the scale setting used to record that isotope

peak.

9. Calculate the bias-corrected peak heights (MASScorr)
by:

23800rr = 238true(l -B) ,
239 = 239
corr true ,
24000’:r = (240true)(1 + B) ,
241corr = (241true)(1 +2B) ,
242 = (242 1+3B),
corr @42, . ) )

where B = the previously determined bias correction fac-

tor per atomic mass unit.

10. Convert from atom to weight basis by multiplying
corrected peak heights by the corresponding atomic

mass (whole number accuracy is adequate).

11. cCalculate the weight percent of each isotope by di-
viding its weight basis peak height by the sum of the
weight basis peak heights, and multiplying by 100.

Uranium

Relative ion beam intensities, proportional to
atom abundances, are measured by interpolating between
peak tops and making all measurements of individual iso-
topes for one set of ratios at one point on the x-axis (one

common time) to remove the effect of changes in beam

intensity with time. Readings can be made at any point
after the completion of the first single sweep and before
the beginning of the last sweep. The preferred procedure
is to take a reading /of all isotopes at each time the sweep
direction is changed (turnaround). Measurements should
be made in pairs. One reading at the high-mass turna-
round and one at the adjacent low-mass turnaround con-
stitute a pair. To obtain N pairs of consecutive readings,

2N + 1 single sweeps in alternate directions are required.

1. Draw lines on the chart connecting the tops of the con-
secutive peaks of the same isotope for each isotope

to be measured.

2. Draw vertical lines on the chart at or near the turn-
around points corresponding to each change in sweep

directions.

3. Read the interpolated peak height of each isotope at
the intersection of each vertical line with the inter-

polating lines.

4. Make zero corrections where required, using the ze-

ro readings taken for each scale setting.

5. Combine the zero-corrected peak height readings in
pairs. Add these readings for each isotope at the
first highr-mass turnaround to the corresponding read-
ings at the first low-mass turnaround. Repeat for the
second, third, and fourth pairs.

6. Determine the agreement among the four paired mea-

238

surements. Divide each of the four U measure-

235U measurement. The

ments by the corresponding
range of the four ratios thus obtained shall not ex-
ceed 5%. If this range is exceeded, record addition-

al spectra until agreement is obtained.

7. Calculate L peak height for each isotope by summing
the eight zero-corrected interpolated readings.

8. Calculate the true peak heights (MASStrue) by mul-
tiplying each peak height sum by the exact scale fac-
tor for the scale setting used to record that isotope

peak.
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9. Calculate the bias-corrected peak heights (MASSco )

T
by:
234corr = 234true(1 - B),
235 = 235
corr true ,
236 . = 236 (1+B),
238 = 238 (1+3B).
corr true
10. Convert from atom to weight basis by multiplying

11.
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each corrected peak height by the corresponding

atomic mass (whole number accuracy is adequate).

Calculate the weight percent of each isotope by di-
viding its weight basis peak height by the sum of the
weight basis peak heights. For natural uranium
samples, only the 235U and 238U peaks need be

recorded and calculated.




DETERMINATION OF PLUTONIUM-238 ISOTOPIC
ABUNDANCE BY ALPHA SPECTROMETRY

SUMMARY

238
The Pu alpha particle abundance is measured

in a freshly purified plutonium sample with a2 surface
barrier silicon detector and multichannel analyzer. The
238Pu isotopic abundance is calculated from the alpha
spectrum data and from mass spectrometric measure-
ments for major plutonium isotopes on a separate portion
of the sample. The relative standard deviation is 29. at

a 238pu abundance of 0.01 wt %.

APPLICABILITY

This method is applicable {o ceramic grade plu-
tonium dioxide and uranium-plutonium mixed oxide fuel
pellets. It is an alternative t{o the mass spectrometric
determination of plutonium isotopic abundances and is
especially useful for samples in which the 238Pu content
is too low for a precise mass spectrometric measure-
ment, or for samples in which uranium contamination
has interfered with the mass spectrometric determina-

tion of 238Pu.

The measurement of 238Pu isotopic abundance by
alpha particle spectrometry is reliable over the range
from 0.001% to 0.5%. Because the measurement is
based on a ratio of 238Pu alpha activity to total plutonium
alpha activity, no bias is present provided that 241Am,
which interferes, has been removed according to the

specifications of the method.

A single determination requires approximately
30 min for source preparation, and 10 min of counting

time.
RELIABILITY

The precision of the method is 2% relative stan-
dard deviation in the 238Pu isotopic abundance range of
0.01% to the specification limit of 0.15%. This is based

38Pu alpha

238
particle peak for samples containing 0.01% Pu. A

2
on accumulating at least 2500 counts in the

much larger count will be accumulated under this peak

for most samples, thus achieving a relative standard

deviation less than 2%. Because an alpha activity ratio
is measured, quantitative recovery of the plutonium in

the method is not required.

DISCUSSION OF THE METHOD

This method is based on a procedure for the de-
termination of the 238Pu alpha activity fraction in high-

purity plutonium.[ 1]

The principal steps are the pre-
paration of an americium-free plutonium counting source,
and the measurement of the 238Pu alpha activity ratio.
The alpha particle source is prepared from a portion of
the plutonium fraction purified for isotopic abundance
measurements by mass spectrometry. The chemical
separation is described in the methods '""Determination
of the lsotopic Distribution of Uranium and Plutoniumlin
Mixed Oxide Pellets by Mass Spectrometry Following
Sequential Ion Exchange Separation, ''p. 33, and "Deter-
mination of the 1sotopic Distribution of Plutonium in Plu-
tonium Dioxide by Mass Spectrometry Following Ion Ex-

change Purification, " p. 1s.

These chemical purifications yield a plutonium
fraction free of nonvolatile substances. Thus, when an
aliquot is evaporated to dryness for source preparation,
the amount of inert residue is below the level that
causes significant alpha absorption giving an unde-
graded alpha spectrum. If a degraded spectrum is ob-
served, it indicates that inadequately purified reagents

were used in the methods referred to above.

Good source preparation also requires an ex-
tremely smooth surface for the evaporated plutonium
compound. The alpha particle sources are prepared on
glass cover slips commonly used for microscopy. The
glass surface is consistently smoother than highly
polished metal plates, and the slips are so inexpensive
that they are discarded after use. Metal plates of
polished tantalum or platinum may be used, but stain-
less steel is unsuitable because the strong hydrochloric

acid solution of the plutonium fraction will corrode it.

(1] G. M. Matlack and R. K. Zeigler, USAEC Report
TID-7629 (June 1962), p. 185.
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The reliable determination of low levels of 238Pu
in plutonium by alpha particle spectrometry is enhanced

by the high specific alpha activity of 238Pu relative to

the other alpha-active plutonium isotopes, 239P , 24oPu

242
and 4 Pu that are present. In actual practice, only the

2
39Pu and 240

u ’

Pu isotopes have to be considered, because
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the alpha activity contributed by the 2 Pu isotope is less

than 0.03%. The 24lPu nuclide, a beta emitter with a

very low alpha branching ratio of about 2 x 10>, L2
does not contribute significantly to the total alpha activity.

Reactor-produced plutonium that contains 0.01 wt %

238 238
Pu has approximately 2. 5% Pu alpha activity. At

2
38Pu, the 238Pu alpha
activity will be close to 40% of the total plutonium

activity.

the specification limit of 0. 15%

The measurement of the 238pu alpha activity is
simple and straightforward because its energy of 5. 50
MeV is greater than the 5.16 to 5.17 MeV alpha particle

239

energy of the Pu and 24OPu isotopes. This relation-

ship ensures that the 238Pu peak is located in a region of
the spectrum free of background caused by degraded
alpha particl es from the other plutonium isotopes, which
is especially advantageous for the measurement of low

238Pu abundances.

There are no interfering elements provided that
an americium decontamination factor of 300 is achieved in
the plutonium fractions from the two mass spectrometry

methods. Growth of 241

Am into the purified fraction
should not be significant if the plutonium fraction is ana-
lyzed within a reasonable time following purification.
Even in plutonium containing 2. 5% 24lPu, the specifica-
tion limit for that isotope, the 241Am growth rate is only
3.3 ug/g Pu per day, equivalent {0 0.6 ug 238Pu/g Pu

per day.

23 )
The calculation of the 8Pu abundance on a
weight percent basis requires a knowledge of either the

total weight of plutonium in the source that is analyzed

239 240

or the isotopic abundance of the Pu and Pu isotopes

(2] E. K. Hyde, I. Perlman, and G. T. Seaborg, '"The
Nuclear Properties of the Heavy Elements, ’ vol II,
Prentice-Hall, Inc., Englewood Cliffs, N.J.(1964).
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in the material. Since the source is prepared from a
separated plutonium fraction also used for the mass
spectrometric measurement, the mass spectrometry

data provides a very reliable calculational base.

OPERATING INSTRUC TIONS

APPARATUS

Cover slip heater. Bore four 3/4-in.-diam holes through
a 1/8-in.-thick stainless steel plate, 3-in. square. Place
each hole in a corner of the plate, approximately 1/2 in.

from the sides of the plate.
Disposable pipets, 50-ul.
Microscope cover slips, 1-in. square, No. 1 thickness.

Multichannel analyzer. This should be an instrument
capable of accepting input pulses of 0 to 8 V with widths
of 3 to 6 usec. The conversion gain ratio should be not

greater than 8 V per 100 channels.

Surface barrier detector system. The detector should
have a minimum surface area of 50 mmz, a depletion
depth of 60 um, and a resolution of not greater than

50 keV FWHM. The detector should be used with a
suitable power supply and amplifier to give a conversion
ratio of 35 keV or less per channel in the multichannel

analyzer.
REAGENTS
No reagents are needed.
PROCEDURE
Blank
A blank measurement is not routinely required.
Calibration
Calibration is not routinely required.

Sample Analysis

1. Place the cover slip heater on a hot plate set at 150
o
to 200 C. Center a glass cover slip over a hole on
the heater,

2. Transfer about 50 ul of the plutonium solution with a

disposable miacropipet to the center of the cover slip.



The plutonium solution is the unused portion of
the purified plutonium fraction from the mass
spectrometric methods for fuel materials con -
taining plutonium. The hole in the cover slip
heater keeps the center of the cover slip cooler
than the edges, to prevent movement of the liquid
to the hotter edges with consequent spattering.

3. Allow the liquid to evaporate to complete dryness.

4. Transfer the cover slip to the surface barrier de-
tector.

5. Count the alpha activity in such a way as to accumu-
late not less than 2500 counts in the 5. 50-MeV alpha
energy peak.

The measurement may be repeated to check the

reproducibility of the system.

Calculations

€5 Ts (Yo, Yo

8 C T T

9 9 0
Cs
= —> (0.00359Wg + 0.0133W ),
Co
where
8 = weight percent 238Pu ,
. 239
9 =  weight percent Pu, from mass
spectrometry ,
240
w 0 =  weight percent Pu, from mass
spectrometry,
R 238
T8 =  half-life of Pu, 87.5yr,
T, = hal-dife of “°pu, 24,400 yr,
T, = half-life of 24054, 6600 yr,
c8 = observed counts in 238Pu peak,
240
C9 = observed counts in 239Pu + Pu

peak ,






DETERMINATION OF URANIUM OR PLUTONIUM BY
CONTROLLED POTENTIAL COULOMETRY

SUMMARY

Uranium is reduced at a mercury electrode to

U(IV) at a controlled potential of -325 mV following a pre-
liminary reduction of plutonium and reducible impurities
at + 85 mV. Plutonium is oxidized to Pu(IV) at a plati-
num electrode at a controlled potential of + 670 mV fol-
lowing reduction to Pu(IIl) at + 310 mV. The weight of
uranium or plutonium is calculated from the number of
coulombs required for the reduction or oxidation. Chem-
ical calibration eliminates bias in the method. Relative
standard deviations are 0. 18% in measuring uranium and
0.07% in measuring plutonium in uranium -plutonium mix-

ed oxide samples.

APPLICABILITY ~

This method is applicable to the determination of
uranium or plutonium in reactor fuels made from uran-
ium-plutonium mixed oxides, (U, i’u)oz.

It may be used for

No separation
of the two elements is required.
mixed oxide fuels in which the U/Pu weight ratio varies
within limits of 0.1 to 10. The method may also be used
for the analysis of ceramic grade plutonium dioxide,
ceramic grade uranium dioxide, and sintered uranium
dioxide insulator pellets.

At the impurity specification limits for the four
materials in this program, the only interference is iron
which causes a positive bias of 0.214% absolute in the
result for plutonium at the iron specification limit of 500
Hg/g in mixed oxide fuel or of 0. 107% absolute at the iron
specification limit of 250 ug/g in plutonium dioxide. The
correction for iron should be based on an accurate spec-
trophotometric determination (see "D etermination of Iron
by Spectrophotometry, " p.g55 ) when the iron content is
greater than 100 ug/g, rather than on the less accurate
emission spectroscopy determination.

(1] G. B. Nelson, K. S. Bergstresser, G. R.
Waterbury, and C. F. Metz, Paper 13, 12th Confer-
ence on Analytical Chemistry in Nuclear Technology,
Gatlinburg, Tenn., Oct. 8-10, 1968.

Iron does not interfere with the uranium determination.
Organic matter interferes with both determinations by
preventing 100% current efficiency.

The recommended quantities for titration are 5 to
10 mg of plutonium and 3 to 5 mg of uranium. A single
titration of either uranium or plutonium, excluding disso-
lution and fuming operations, requires 0.5 to 1 hr. One
analyst with two instruments can analyze four samples for

uranium and plutonium in 8 hr.

RELIABILITY

The relative standard deviations obtained by a
single laboratory were 0,.07% for titrating plutonium and
0.18% for titrating uranium in mixed oxide sintered pel-
lets having a U/Pu ratio of 3/1. The pooled relative stan-
dard deviations obtained by six laboratories were 0. 15%
for plutonium and 0.27% for uranium in these samples. (2]
The relative standard deviations for the calibration titra-
tions were 0. 04%. for plutonium and 0.08% for uranium. (1]

The recommended calibration materials are NBS
plutonium metal (SRM 949) and NBS U308 (SRM 950).
Electrical calibration has been used by some laboratories.
Generally, the latter is biased high by 0. 1% for uranium
and agrees with the chemical calibration for plutonium.
For long-term consistency, chemical calibration is re-
commended both for uranium and plutonium as used in

this method. (1]

DISCUSSION OF THE METHOD

The fundamental concepts of coulometry are set
forth in Faraday's 1aws which state that the weight of a
given substance liberated at an electrode is proportional
to the coulombs of electricity passed through the system,
and also to the chemical equivalent weight of the sub-
stance as determined by the electrode reaction. By mea-
suring the number of coulombs required to convert, by
electrolysis, one species quantitatively into another, the
electrochemical equivalents of the element in question

are obtained.

(2] J. E. Rein, R. K. Zeigler, and C. F. Metz,
USAEC Report LA-4407 (1970).
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Calculation of the amount of material electrolyzed
generally is based on the assumption that only one elec- -
trochemical reaction, either oxidation or reduction, oc-
curs with the element being measured. Therefore, con-
ditions must be precisely controlled to ensure that all of
the current passing through the coulometric cell produces
the desired electrochemical reaction. Impurities, includ-
ing dissolved oxygen and carbonaceous material, that can
be electrolytically oxidized or reduced must be removed
when they interfere with maintaining 100% current
efficiency.

Control of the potential of the working electrode
usually limits the electrochemical reaction to the one de-
sired, and greatly reduces the number of other elements
that cause interferénce. As the reaction proceeds and
the concentration of the species being titrated decreases,
the current through the cell decreases and ultimately ap-
proaches zero. The titration is assumed to be complete
when the current drops to the level of the background

current, generally a few microamperes.

Dissolution of the sample materials may be ac-
complished in several ways. Uranium oxide, plutonium
oxide, and uranium-plutonium mixed oxide, especially
when sintered, are not readily soluble, but will dissolve

slowly in simmering 15.6M HNO,_. Hydrofluoric acid at

low concentration in the nitric ac:id accelerates the dis-
solution especially of the plutonium-containing oxides or
samples contaminated with silica. Uranium oxide and the
mixed oxides dissolve in a few hours under these condi-
tions, but plutonium oxide may require longer. The
sealed-tube method, described on p. 5, is recommended
for high-fired plutonium dioxide although prolonged heat-
ing with nitric-hydrofluoric acid and repeated fumings

with sulfuric acid will bring about solution.
Plutonium can be titrated coulometrically in var-

ious mineral acid solutions, including hydrochloric, sul-
furic, perchloric, and nitric acids. The nitric-hydro-
fluoric acid solution obtained in digsolving an oxide ma-
terial, however, cannot be titrated without addition of a

complexant for the fluoride ion, and of sulfamic acid to

48

eliminate interference by nitrite. Fuming with sulfuric
or perchloric acids eliminates the volatile acids and also
traces of organic materials, resulting in a solution
suitable for titration without such additives. Sulfuric
acid is preferred for this purpose because it stabilizes
Pu(IV). Perchloric acid oxidizes plutonium to the (VI)
oxidation state which reduces very slowly by electrolysis
because of the high overpotential of the (VI)/(IV) couple.

+ +
The E0 values for Pu+3/Pu+4 and Fe 2/Fe 8 cou-

- ples in sulfuric acid are both approximately equal to 490

(4]

mV vs sce, so that iron is titrated quantitatively with
plutonium. A correction for the effect of the iron is ob-
tained by determining the iron spectrophotometrically

(see p. 55, "Determination of Iron by Spectrophotometry''y
1 mg of iron is equivalent to 4.28 mg of plutonium. The
voltages of + 310 and + 670 mV provide a span of Eo +

180 mV, which should ensure quantitative (99.9%) reduc-
tion and oxidation, respectively, of the plutonium in the

0.5M H,SO, medium.

2774
is argon to prevent air oxidation of Pu(lIl).

The titration cell atmosphere

The electrochemical reduction of uranyl ions at a
mercury electrode is an established method for precisely
measuring uranium in sulfuric acid solutions. (4,61 The
generally accepted mechanism is the formation of an un-
stable U02+ ion that disproportionates to U(VI) and U(lV).

When the electrolysis is carried to completion, all U(VI)

is converted to U(IV). [t

This reaction is irreversible.
Reduction at -325 mV vs sce quantitatively reduces U(VT)
to U(IV) without interference from plutonium, iron, and
most impurity elements, provided a preliminary reduc-
tion is made at + 85 mV vs sce. Electrolysis of uranium
in oxide samples at -325 mV gives recoveries that are
slightly high relative to the weight of uranium oxide (U308)

taken on the basis of an absolute electrical calibration of

(3] w. D. shults, USAEC Report ORNL-2921 (1960).
4] 6. w. Cc. Mmilner, A. J. Wood, G. Phillips, and

G. J. Weldrick, Z. Anal. Chem. 224, 346 (1967).
[5] w. D. Shults, Talanta 10, 833 (1963).

1w
6] W. D. shults and P. F. Thomason, Anal. Chem. 31,
492 (1959).

. [7] 1. M. Kolthoff and J. J. Lingane, Polarography,

2nd ed., Interscience, New York, N.Y. (1952),
p. 462,



(1,4,8]

the coulometer. No bias was observed for titra-

tions of uranium solution prepared from high-purity met-
al. (4] Chemical calibration is preferred to electrical
calibration. Because dissolved oxygen might be reduced
at the potential used to reduce uranium the sample sol-
ution is purged with argon prior to the titration.

The success of these coulometric titrations is
strongly dependent upon the design of the titrating cells.
The cell dimensions, stirring rate, and electrode area
and spacing are important parameters in a design which
will minimize the time required for titration. The cell
volume should be kept small relative to the electrode area
to ensure rapid electrolysis, and the stirring should be
adequate to bring unreacted ions to the electrode quickly
and quantitatively. It is strongly recommended that cells
be fabricated that have the design and geometrical di-
mensions, including electrodes, stated below.

One of the main advantages of the controlled po-
tential coulometric titrations is that a chemical separa-
tion of plutonium and uranium is not required. This fea-
ture greatly shortens the time for analysis and improves
the precision and accuracy. Under ideal conditions, rel-
ative standard deviations are in the range between 0. 04
and 0.08% for measuring either element, and the method
is not biased if chemical calibration is used as specified.
The equipment required is relatively inexpensive and com-
mercially available. A titration apparatus, exclusive of

glove box containment, costs less than g5,000.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling the con-
centrated acids used in this method. At the minimum,
rubber gloves should be worn. When preparing dilute
sulfuric acid solutions, always carefully add the acid to
the water, not water to the acid. Hydrofluoric acid is
especially dangerous to the skin and will cause slow-
healing ulcerating sores. Consult your laboratory safety

manual for further information.

(8] H. C. Jones, W. D. Shults, and J. M. Dale, Anal.
Chem. 37, 680 (1965).

APPARATUS

Battery, mercury. Burgess Mercury Activator, 1.35 V,

or equivalent.

Beaker, titration, 42-mm o.d., 40-mm height. Cut off
evenly the top portion of a 50-ml borosilicate, low-form

beaker and fire-polish the edge.

Differential voltmeter (DVM). John Fluke Manufacturing
Company, Model 881A, or equivalent.

Laboratory jack.
Resistor, precision, 150-ohm. Calibrate to + 0.01 ohm.
Stopwatch, with 0.2-sec subdivisions.

Controlled potential coulometer. The solid-state instru-
ment for controlled potential electrolysis and coulometry
consists of two plug-in modules -- a potentiostat and inte-

grator. A satisfactory instrument, which was designed

by the Lawrence Radiation Laboratory, Col

is marketed
by the M-T Electronics Company, 536-A Lewelling Blvd.,
San Leandro, California 94579. Other instruments of
equal competence may be used. The potentiostat output
should be 10 W and + 24 V at + 400 mA with an impedance
of 1 ohm. The control potential should be fully adjustable
with a full-scale span from 0.5 to 10 V, and have less than
0. 1% change for a 10% change in line voltage and a maxi-
mum ripple of 0.02% peak-to-peak. Integrator features
should include a range of 1.9 and 19 coulombs full scale,

a maximum output of 50 V, an output drift rate adjustable
to at least 0.2 mV/15 min, and a longterm stability such
that the output drift rate does not change by more than 0.5

mvV/15 min in one month.

Uranium titration cell. The titration cell for uranium con-
sists of the titration beaker, Teflon cover, stirrer, elec-
trodes, and inert gas tube (see Figure 1), The Teflon cov-
er has a circular groove to retain securely a 1-11/16-in.
o.d. Viton O-ring having a 1/8-in. wall. A small labora-
tory jack forces the titration beaker up against the O-ring,

making an airtight seal.

(9] J. E. Harrar and E. Behrin, Anal. Chem. 39, 1230

(1967).
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Figure 1. Uranium titration cell and cover.
The stirrer is a 5. 15 £ 0. 05-mm glass rod att,gched toa
glass disk l. 5-cm diam, 2.5 % 0.5 mm thick, and slightly
deformed or fluted. The rod is rotated at the mercury-
aqueous interface by a 1800-rpm synchronous motor.
Magnetic stirring, which simplifies cell design, also is
satisfactory. A stirring bar, 13-mm long and 8-mm
diam, is recommended for the uranium titration cell,
and a bar, 24-mm long and 10-mm diam is recommended
for the plutonium titrating cell.

The counter electrode is a spiral about 1-in.
long and 3/16-in. diam made from a 6-in. length of No.
18 platinum wire. The spiral is inserted into 0.5M
H2804 contained in an unfired Vycor tube 45 mm in
length. The bottom of the Vycor tube is held 2 mm above
the mercury working electrode by the Teflon cover.

The reference electrode is a saturated calomel
electrode (Beckman No. 39270 or equivalent) inserted

into 0.5M H, SO, in an unfired Vycor tube as described

2774
above.

The working electrode is 7 ml of triple-distilled
mercury with electrical connection made by a platinum
wire insulated in a 4-mm glags tube. The mercury is re-
placed daily or whenever a film or scum is visible on the
surface. The gas tube admits oxygen-free argon, satu-

rated with water vapor, at a flow rate of 300 m!/min.

Titration Cell for Plutonium. The titration cell for plu-
tonium is similar to the titration cell for uranium except

for the position of the counter and reference electrodes
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(Figure 2), ahd the fact that the working electrode is plat-
inum gauze (Figure 3) rather than a mercury pool. The
working electrode is made from a 2.25- x 3.25-in. plece
of 45-mesh platinum gauze and a 6-in. length of 0.035-in~
diam platinum wire. Three folds are made lengthwise

in the gauze to give four layers approximately 0.5-in.
wide.
mandrel, and is reinforced by spot-welding the 0.035-in~

The folded gauze is bent around a 1.5-in.-diam

diam platinum wire entirely around one inner edge. The

CQUNTER (P)

ELECTRODE \

REFERENCE
GORNNECTION | 1e 5.C. E) ——] O
¥ | ELEGTRODE T~ N\

GAS INLET

(28 o
.

joron
3
!l i

:"E il
IR ]

(RAN &’,&\ B

TITRATION
CELL
WORKING (P?),
ELECTRODE

Figure 2. Plutonium titration cell and cover.

Figure 3. Controlled potential coulometric titration cell
and electrodes.



remaining 2. 75-in. length of the wire is spot-welded to
the reinforcing wire and to one vertical edge to form the
vertical support and electrical contact. Store the elec-
trode in 8M HNO,.
REAGENTS
Argon, 99.99% pure.
Hydrochloric acid, 6M.
Hydrofluoric acid, 28M (48%).
Mercury, triple-distilled.

Nitric acid, 15.6M (70%), 6M.

Plutonium calibration solution. Dissolve the entire con-
tents of one 0.5-g ampoule of NBS 949 plutonium metal in

a2 minimum quantity of 6M HCl. Add 10 ml of 3M HZSO 4

and evaporate to copious fumes of sto 4 Dilute to ap-

proximately 50 ml and weigh to 0. 02 g precision.
Sulfuric acid, 18M (96%), 3M, 0.5M.

Uranium calibration solution. Dissolve a weighed 1-g
portion of NBS 950 U308 in 2 minimum volume of 6M

HNO,. Add 10 m! of 3M HZSO and evaporate to copious

3
fumes of stO

4

" Dilute to approximately 200 ml with

0.5M HZSO 4 and weigh the solution to 0. 1 g precision.
PROCEDURE

Blank

A blank measurement is not required in this method.

Calibration

Calibrate each titration apparatus used for sam-
ples in any 8-hr working shift at the beginning of that
shift. For the uranium calibration, use a weighed aliquot
of the NBS uranium solution containing 3 to 5 mg of urani-
um as the sample, starting at step 5 in the subsection
"Sample Analysis , Uranium'. For the plutonium cali-
bration, use a weighed aliquot of the NBS plutonium solu-
tion containing 5 to 10 mg of plutonium as the sample,
starting at step 4 in the subsection "Sample Analysis,

Plutonium?"'.

Maintain a quality control chart for the uranium
and plutonium calibration results obtained each shift. If
an individual calibration value disagrees significantly from
the average of the previous results on the quality control
chart, investigate the cause for the difference and rectify
the difficulty before proceeding with further analyses. Un-
less some other cause is immediately obvious, replace-
ment of the saturated calomel electrode is often one of the

first changes to make in determining the difficulty.

Sample Analysis

1. Dissolve a weighed, whole, mixed oxide pellet or u-
ranium dioxide insulator pellet, or a weighed 1-g quan-
tity of ceramic grade uranium dioxide or plutonium di-

oxide powder in 5 to 10 ml of 15.6M HNO3 in a 50-ml

beaker or a covered 30-ml platinum dish and with

the aid of simmering heat.
Weigh all samples to + 0.2 mg.

A 15.6M HNO,-0.01M HF mixture may be used
for dissolution in platinum dishes. This mixture
gives faster dissolution rates, especially with
plutonium oxide or mixed oxide samples. In this
case, omit step 3.

The dissolution time required ranges from a few
hours for uranium dioxide samples, somewhat
longer for mixed oxide samples, and as long as
12 hr for the higher fired, plutonium oxide sam-
ples.

Rapid dissolution rates may be obtained with the
sealed-tube technique described on p. 5.

2. Repeat the additions of 5 to 10 ml of 15. 6M HNO3 and

heating as necessary until dissolution is apparently

complete.

Again use simmering heat to speed the dissolution
and use covers to prevent spattering loss.

3. With the last addition of 15.6M HNO,, or when the dis-

3
solution reaction is complete, add 1 drop of 1M HF

and sufficient 15.6M HNO, to give a total volume of

3
5 to 10 ml. Continue the heating until complete solu-

bility is obtained.

The addition of hydrofluoric acid is especially
effective for plutonium dioxide and mixed oxide
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samples or for materials containing silica. It
may not be necessary for uranium dioxide sam-
ples. When glass beakers are used, early ad- -
dition of hydrofluoric acid will increase the at-
tack on the glass and introduce more impurities
deleterious to subsequent analyses. ‘

Transfer the solution quantitatively with the aid of at

least five 5-ml rinses of 1M HNO, to 2 tared, prefer-

3
ably heavy-walled polyethylene container having an

air-tight cap, and weigh to + 1 mg.

Weighed aliquots of this solution can serve also
for various other analyses, including measure-
ments of iron, americium, uranium in ceramic
grade plutonium dioxide, and isotopic abundance
measurements.

A heavy-walled polyethylene container minimizes
changes in concentration caused by transpiration
of water vapor through the walls.

Uranium

1.
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Transfer a weighed aliquot of the sample solution con-
taining 3 to 5 mg of uranium into a 50-ml beaker or
a 30-ml platinum dish.

Weigh the aliquot to + 0.2 mg.

Add 10 m! of 3M H,SO,

ness, or about 0.1 ml.

and evaporate to near dry-

Evaporate slowly and carefully to avoid
spattering.
Rinse the uranium titration cell and the outside of the
Vycor tubes containing the counter and reference elec-

trodes with 0.5M H2804.

Add 7 ml of triple-distilled mercury to the cell.
Replace the mercury daily or whenever a film
or scum is visible on the surface.

Quantitatively transfer the evaporated solution ob-

tained in step 2 with the aid of five 1-ml rinses of

0.5M H2804 to the cell.

Raise the cell by means of the laboratory jack until
the top of the cell snugly fits the O-ring in the Teflon

cover.

The cell rim must make a tight seal to assure
the exclusion of air.

10.

11.

13.

14.

15.

Connect the cell electrodes to the coulometer.
Start the argon gas flow at a rate of 300 ml/min.

" The argon purges dissolved oxygen from the
solution and air from the cell.

Set the control potential to + 85 mV.
At a potential of + 85 mV vs sce, plutonium,
iron, and extraneous oxidants are reduced but

not U(VI).

After 5 min of argon gas flow, turn the current

on.

Turn off the current when it decreases to 50 uA.
The current should decrease to the background
level which usually is about 50 uA. Determine
this value by a preliminary titration or by ti-
tration of a blank solution.

Change the control potential to -325 mV.

Turn the current on.

This reduces U(VI) to U(IV).

Turn off the current when it decreases to 50 uA.
Complete reduction of U(VI) is indicated by
the decrease in current to the background
level.

Record the readout voltage (mg uranium).

This is proportional to the milliequivalents
of U(VI) reduced to U(IV). Most instruments

may be calibrated to read directly in mg of
uranium.

Plutonium

1.

Transfer a weighed aliquot containing 5 to 10 mg of
plutonium into a 50-ml beaker or a 30-ml! platinum
dish.

Weigh the aliquot to + 0.2 mg.

Add 10 ml of 3M HZSO4

ness, or about 0.1 ml,

and evaporate to near dry-

Evaporate slowly and carefully to avoid
spattering.
Rinse the plutonium titration cell and the outside of
the Vycor tubes containing the counter and reference

electrodes with 0.5M HZSO4.




10.

11.

12.

13.

14.

Quantitatively transfer the evaporated solution obtain-
ed in step 2 with the aid of five 1-ml rinses of 0.5M

HZSO4 to the cell.

Raise the cell by means of the laboratory jack until
the top of the cell snugly fits the O-ring in the Teflon
cover.

The cell rim must make a tight seal to assure
the exclusion of air.

Connect the cell electrodes to the coulometer.
Start the argon gas flow at a rate of 300 ml/min.

The argon flow purges air from the cell and
prevents air-oxidation of Pu(IlI).

Set the control potential to + 310 mV.

At a potential of + 310 mV vs sce, plutonium
is quantitatively reduced to Pu(Ill). Iron im-
purity is reduced to Fe(II).

After 5 min of argon gas flow, turn the current

on.
Turn off the current when it decreases to 30 pA.

The current should decrease to the background
level which usually is about 50 uA. Determine
this value by a preliminary titration or by titra-
tion of a blank solution. Complete reduction of
plutonium to Pu(IIl) is indicated by the decrease
in current to the background level.

Set the control potential to + 670 mV.

At a potential of + 670 mV, Pu(IIl) is oxidized
only to Pu(IV) in the presence of sulfate which
complexes and stabilizes tetravalent plutonium.
Fe(Il) impurity is oxidized to Fe(III).

Turn the current on at 2 maximum initial level
of 30 mA.

Turn off the current when it decreases to 30 uA.

Complete oxidation of Pu(IM) to Pu(IV) is indi-
cated by the decrease in current to the back-
ground level.

Record the readout voltage (mg plutonium).

This is proportional to the milliequivalents of
Pu(lll) oxidized to Pu(IV). Most instruments
may be calibrated to read directly in mg of
plutonium.

Calculations
Uranium
0. 8395 WU o
c._ = 38
u sol
in which:
Cy = concentration of uranium, mg U/g
solution ,

0. 8395 = the product of the stoichiometric factor
of 0. 8480 for converting U308 to U and
the recommended purity of 0. 9994 of the

NBS U,0p

WU3 o = grams of NBS U308 dissolved, corrected
for air buoyancy ,

w = final weight, grams, of the calibration

sol
solution.
Plutonium
c ) 0.9999 wPu
Pu w ’
sol
in which:
CPu = concentration of plutonium, mg Pu/g
solution,

0.9999 = purity of the NBS plutonium metal,

Wpu = grams of NBS Pu dissolved, corrected
for air buoyancy,
Wsol= final weight, grams, of the calibration

solution .

Calibration Factors
Uranium
) (wal)(CU)

’
0] VU

F

in which:
FU = calibration factor for U, mg U/V

w o] = BTams of uranium calibration solution
in aliquot ,

CU = concentration of uranium, mg U/g
solution of uranium calibration solution,

VU = readout volts from coulometer DVM
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Plutonium
A,

u \"%
P Pu

in which:
FL, = calibration factor for Pu, mg Pu/V ,

w o] " grams of plutonium calibration solution

in aliquot ,
Cp, = concentration of plutonium, mg Pu/g
solution of uranium calibration solution ,
Vpu = readout volts from coulometer DVM.

Sample Results
Uranium

U = 100 AVgIEF D)

w
in which:

U = weight percent uranium in sample ,

AU = atomic weight of uranium in sample di-
vided by atomic weight of uranium in
NBS U308 (238.03),

VS = readout volts from coulometer for sample,

FU = calibration factor for uranium,

D = grams of final dissolver solution of
initial sample divided by grams of
initial sample,

w = weight in grams of sample aliquot
analyzed.

Plutonium
pu - (Apu)(V\:)(FPu)(D) ’

in which:
Pu = weight percent plutonium in sample,

Apu = atomic weight of plutonium in sample di-
vided by atomic weight of plutonium in
NBS Pu (239.09),

VS = readout volts from conlometer for sample,

Fou = calibration factor for Pu,
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w

= grams of final dissolver solution divided

by grams of initial sample,

= grams of dissolver solution analyzed .




DETERMINATION OF IRON BY SPECTROPHOTOMETRY

SUMMARY

Iron is measured spectrophotometrically as the
Fe(Il) o-phenanthrolate complex at a wavelength of 508 nm
after removal of plutonium by oxalate precipitation. The
quantity of iron is calculated from the measured absor-
bance and the absorbance per microgram of iron obtain-
ed for prepared solutions having known iron contents.

The relative standard deviation is approximately 1%.

APPLICABILITY

This method is applicable to the determination of
iron in the concentration range between 100 and 1000 ug/g
of sample in uranium-plutonium mixed oxide pellets and
in ceramic grade plutonium oxide. The result is used to
correct the interference caused by iron in the coulome-
tric titration of plutonium (see ''Determination of Urani-
um or Plutonium by Controlled Potential Coulometry, "
p. 47. This method also may be used to determine iron

in ceramic grade uranium dioxide and uranium dioxide

insulator pellets.

At the impurity specification limits for the four
materials in this program, only nickel might interfere
in this method. On an equal weight basis to iron, nickel
causes a 1.5% high bias. The expected bias for any
of the four materials, however, is negligible because
iron usuélly is the larger contaminant. The recom-
mended quantity of iron for measurement is between 10
and 40 ug, but as little as 1 ug may be determined with
some sacrifice in precision. A single determination,
exclusive of dissolution, requires about 3 hr, but eight
determinations can be made in 3.5 to 4 hr. Operator time
is about 1 hr for a single determination or 1.5 hr to 2 hr

for eight determinations.

(1] G. F. Smith and F. P. Richter, "Phenanthroline
and Substituted Phenanthroline Indicators," G. R.
Smith Chemical Co., Columbus, Ohio (1944), pp.
67-81.

RELIABILITY

The relative standard deviation is 1% in the range
between 125 and 500 ug/g and 2% at 90 ugFe/g. The rec-
ommended calibration material is electrolytic iron or

ferrous ammonium sulfate hexahydrate.

DISCUSSION OF THE METHOD

The major steps in the procedure are reduction
of iron and plutonium to the (II) and (III) oxidation states,
respectively, with hydroxylamine hydrochloride; separa-
tion of plutonium by its precipitation as the oxalate; for-
mation of the colored Fe(ll)-o-phenanthrolate complex;
and spectrophotometric measurement. The recommended
sample is an aliquot of the solution prepared for the cou-
lometric determination of uranium and plutonium (see
"Determination of Uranium or Plutonium by Controlled

Potential Coulometry, " p. 47).

A strongly colored chelate complex of the hexaco-
valent type, FePh3+2, is formed by Fe(II) with o-phenan-
throline in weakly acidic, neutral, or weakly alkaline so-
lution. The chelate structure is a five-member ring in-
volving the metal with the cyclic N-C-C-N group. The
reagent reacts stoichiometrically and selectively with
Fe(II) to form a product having[ a]desirable hue for spec-

2

trophotometric measurement. The pH in the range
between 2 and 9 has little influence on the reaction. A
great advantage of o-phenanthroline over some other iron
reagents is its use in slightly acid solutions which great-
ly reduces interference caused by the precipiﬁation of hy-
2

droxides or phosphates of several metals. ( At a pH of
less than 2, the color develops more slowly and is less
intense. The complex is stable, Beer's law is closely
followed, and the molar absorptivity under the conditions
of this method is 11,100. A stability constant of 2.5 x
106 was reported in an investigation of the equﬂibriu;n
and kinetics of the Fe(lI) o-phenanthroline system. L3]

(2] E. B. Sandell, "Colorimetric Determination of
Traces of Metals, ' Interscience, New York, N.Y.
(1959), pp. 535-40.

(3] 1. M. Kolthoff, T. S. Lee, and D. L. Leussing,
Anpal. Chem. 20, 985 (1948).

55



Hydroxylamine, hydroquinone, or less preferably,
sulfur dioxide, are suitable reductants for Fe(IlI). Under
the slightly acidic conditions used in this method, hydro-
xylamine is an effective reductant, Following reduction,
the color is formed by addition of o-phenanthroline, pH 6
buffer solution, and ammonium hydroxide to bring the pH
to 6. This order of addition of reagents is important to
ensure complete color development. (4]

Plutonium(II), stabilized by hydroxylamine hy-
drochloride in this method, at relatively high concentra-
tions absorbs slightly at the wavelength for measuring
the iron. One mg of plutonium can be tolerated without
separation; larger amounts require separation prior to
the color development. Various extraction, ion exchange,
and other methods may be used for this purpose, but the
precipitation of Pu(TIT) as the oxalate has the advantages

of being fast and of providing a clean separation.

In addition to speed, simplicity, and relative free-
dom from interferences, this method has the advantages
of requiring only small amounts of sample, about 100 mg
for iron concentrations between 100 and 500 ug/g, and the
use of equipment usually found in a laboratory equipped
to analyze plutonium materials spectrophotometrically.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling the con-
centrated acids used in this method. As a minimum pre-
caution, rubber gloves should be worn. When preparing
dilute sulfuric acid solutions, always add the acid care-
fully to the water and not the reverse.

is especially dangerous to the skin and will cause slow-

Hydrofluoric acid

healing ulcerating sores.
manual for further information.

Consult your laboratory safety

APPARATUS
Centrifuge, clinical.

Centrifuge tubes, conical, 15-ml.

[4] N. F. Davis, C. E. Osborne, Jr., and H. A. Nash,
Anal. Chem. 30, 2035 (1958).
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Spectrophotometer, Beckman, Model DU, with matched
1-cm cells, or equivalent.

REAGENTS

Ammonium hydroxide, 14.8M (28%).
Hydroxylamine hydrochloride, 20% aqueous solution.

Iron calibration solution, 20 ug Fe/ml. Dissolve 125.0
mg of 99. 9 to 100% pure iron wire in 5 ml of 12M HCI.

If pure iron wire is not available, dissolve 880 mg of
ferrous ammonium sulfate hexadydrate Fe(NH 4)2 (SO 4)2-
6 HZO in water and add 5 ml of 12M HCl. Dilute either
solution to 250. 0 ml with water. Dilute 4. 00 ml to 100.0

ml for use in the calibration steps.

Iron calibration solution in uranium-plutonium matrix.
Dissolve 2.500 g of the LASL-supplied uranium-pluton-
ium mixed oxide blend, which has a nominal iron content
of 100 ug/g, as described in steps 1 through 3 in the Dis-
solution subsection of "Determination of Uranium or Plu-
tonium by Controlled Coulometry, ¥ p. 47. Then add

10 ml of 3M HZSO4
solve the residue in 0. 5M H_SO

27y
fer the solution to a 50-ml volumetric flask with 0.5M

and evaporate to near dryness. Dis-

quantitatively trans-

HZSO4 rinses, and dilute to volume with 0. 5M H2804.

Oxalic acid, 10% aqueous solution.

o-Phenanthroline, 0.5% solution. Dissolve 1 g of o-
phenanthroline in 10 ml of 95% ethanol and dilute to 200

ml with water. Discard this solution when it discolors.

Sodium acetate buffer solution.
acetate trihydrate in 20 ml of glacial acetic acid and di-

Dissolve 84 g of sodium

lute to 11. with water.

Wash solution, 1% oxalic acid in 1M HCI.

PROCEDURE

Determine the reagent blank in duplicate starting
with step 2 in the subsection Sample Analysis and measure
the absorbances as described in step 14. If the measured
average absorbance is significantly greater than zero at
the . 05 significance level, replace each reagent indivi-

dually to determine the source of contamination. Start




with the hydroxylamine hydrochloride, which often is con-

taminated with iron.

Calibration

For the initial calibration of each analysis appa-
ratus, pipet eight 2-ml aliquots of the iron calibration
solution in uranium-plutonium matrix into separate 15-
ml centrifuge tubes. Pipet duplicate amounts of 0.5, 1.0,
and 1.5 ml of the 20 ug/ml iron calibration solution into
six of the tubes giving duplicates of nominal 10, 20, 30,
and 40 ug of iron per tube. Carry these entirely through
the Sample Analysis subsection starting at step 2. Pro-
cess the results using least-squares formulas to obtain

the linear calibration equation

y=Ax+B

that best fits the data. In this equation, y is the absor-
bance, x is the micrograms of iron, A is the slope, and
B is the intercept with the y-axis. B should be approxi-
mately zero. Prepare a quality control chart for the

values of A and B obtained for each analysis apparatus.

Once each week during periods that samples are ana-
lyzed, verify the calibration by processing duplicate
2-ml aliquots of the iron calibration =olution in uranium-
plutonium matrix . (The nominal contents of each dup-
licate are 10 ug of iron and 100 mg of uranium-plutonium
mixed oxide). Pipet the aliquots into 15-ml centrifuge
cones and start at step 2 in the Sample Analysis sub-
section. Calculate A' =y/x and plot it on the quality
control chart for A. If an individual value of A' disa-
grees at the . 05 significance level with the value of A
from the complete calibration set, investigate the cause
and rectify the difficulty before proceeding with the ana-

lysis of samples.

Sample Analysis

1. Transfer to a 15-ml centrifuge tube an accurately
weighed aliquot of the dissolved sample prepared
for the coulometric analysis of uranium and pluton-
ium that contains the equivalent of 8¢ to 100 mg of

original oxide sample.

lo.

11.

See '""Determination of Uranium or Plutonium by
Controlled Potential Coulometry," p. 47.

The approximate weight of the aliquot, based on
an initial 1-g sample and a final weight of 35 g
for the dissolved sample solution, is 2.8 to 3.5¢g.

If other samples are analyzed, especially nitrate-
containing ones, fume them with sulfuric acid
and redissolve the residue in not more than 3 ml
of 0.56M H_SO,.
— 2774
Add 1 ml of 20% hydroxylamine hydrochloride and
heat just below boiling for 30 min under an infrared
lamp.

Plutonium reduces to Pu(II) and iron to Fe(I).

After the solution cools, add 1 ml of 10% oxalic acid
and mix.
Plutonium oxalate precipitates. If the precipitate

does not settle readily, add more 10% oxalic acid
dropwise until no further precipitate forms.

Centrifuge for 1 min.

Decant the supernatant solution into a 10-ml volu-
metric flask.
Do not t ransfer any plutonium oxalate to the
flask.
Add 0.5 ml of the wash solution to the centrifuge
tube and agitate the precipitate until a suspension is
obtained.

Centrifuge for 1 min.

Decant the supernatant solution into the 10-ml volu-

metric flask.

Ib not transfer any plutonium oxalate to the flask
Repeat steps 6 through 8.

Add 0.5 ml of 20% hydroxylamine hydrochloride to
the flask and heat just below boiling for 30 min un-
der an infrared lamp.

This ensures complete reduction of iron to Fe(II).

After the solution cools, add the following reagents,
mixing the contents thoroughly between each addi-
tion:

(@) 0.2 m! of 0.5% o-phenanthroline

(b) 1 ml of sodium acetate buffer

(c) sufficient 14.8M NH,OH to increase the pH

4
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13.

to 6 while thoroughly mixing the solution

This order of reagent addition is necessary to ob-
tain complete color development. pH indicator
paper is satisfactory to measure the pH.

Let the solution stand 30 min.
This waiting period and the period stated in the
next step are necessary to obtain complete color
development.

Dilute to volume with water, mix thoroughly, and let

the solution stand 30 min.

14. Measure the absorbance at 508 nm in a 1-cm cell
against a reference prepared starting at step 10.
Calculations
R = (-BID
AWI ’
in which:

R = micrograms of iron per gram of initial
sample ,

Y = absorbance of sample,

A, B = constants in the linear calibration equation,

D = weight, grams, of dissolver solution prepared
for the coulometric analysis of uranium and plu-
tonium,

I = weight, grams, of initial sample dissolved for the
coulometric analysis of uranium and plutonium,

W = weight, grams, of aliquot of dissolver solution

taken for the iron analysis.
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DETERMINATION OF AMERICIUM BY GAMMA
COUNTING IN MIXED OXIDE FUEL PELLETS AND
PLUTONIUM DIOXIDE

SUMMARY

Americium is determined by measuring the gam-
ma activity of the dissolved sample in a well-type Nal(Tl)
deteotor. A chemical separation is not required, because
a correction can be made for the slight interference caus-
ed by plutonium gamma activity, and uranium does not

interfere.

APPLICABILITY

The method is designed for the determination of
americium in mixed oxide fuel pellets and in ceramic
grade plutonium dioxide. The Pu/U ratio may have any
value from pure plutonium to pure uranium. The method
cannot be used for materials containing fission products
or other high specific-activity gamma emitters.

The recommended quantity of americium in the
aliquot that is counted is 1 to 50 ng. A single determi-
nation, excluding dissolution of the sample, requires ap-

proximately 30 min. With a multiple gamma counter set-

up, this effort is reduced to 20 min per determination.

RELIABILITY

The pooled relative standard deviation for several
hundred plutonium samples was less than 1% when the
counted aliquot contained more than 5 ng of americium.
For aliquots containing 1 ng or less, the relative stan-
dard deviation was 2 to 5%. The expected concentration
range of americium in the plutonium dioxide to be used
for LMFBR/FFTF fuel is 500 to ~2400 ug/g, so an ali-
quot containing at least 5 ng is obtained easily. Recom-
mended calibration materials are NBS USQS (SRM 950),
NBS plutonium metal (SRM 949), and americium oxide
containing less than 10 wt % plutonium. NBS americium
is not yet availahle, When the calibration materials are

properly used, the method is not biased.

DISCUSSION OF THE METHOD

The method is based on measuring the gamma
activity of 24 1Am which is large relative to all plutonium

Under the
241 A

and uranium isotopes present in the samples.
conditiohs of the method, .the conversion factor for m
is2x 106 cpm/ug and for plutonium and natural uranium
are ~ 80 cpm/ug and 0.2 cpm/ug, respectively. At these
high ratios, corrections for the gamma contributions of
plutonium and uranium are accurately made, especially
when the aliquot taken for the americium determination is
from the same solution from which aliquots are taken for
the uranium and plutonium determinations.

A well-type NaI(T1) scintillation detector is used
to measure the gamma activity of the sample aliquot be-
cause it offers a high counting efficiency for the 59.6-keV
gamma ray, which is the most abundant photon in 241Am
decay. The high voltage for the detector is set at a 30-
keV cutoff to eliminate counting of the lower energy L
x-rays from plutonium. A 2-ml, 1M HNO3 aliquot of the
dissolved sample containing ~ 25 ug of plutonium is count-
ed for a time sufficient to accumulate ~ 105 counts, equiv-
alent to a counting error of 0.3% relative standard devia-
tion. At the expected lower limit of 500 ug of 241Am per
gram of plutonium, this period is ~ 4 min.

The method is adversely affected by gamma emit-
ters other than plutonium and uranium, especially fission
products. The levels of such interferences, however, are
normally insignificant in ceramic grade plutonium dioxide
and mixed oxide fuel pellets.

' The proper high-voltage setting for the detector is
established in a2 manner similar to that usually done to ob-
tain a counting plateau for an alpha or beta proportional
counter. Using an americium sample, a series of count
rates is measured at voltage intervals of 5§ or 10 V, de-
pending on the sensitivity of the scaler, starting at a point
well below the plateau. Instead of plotting the observed
count rates, however, the differences between adjacent
count rates are plotted as a function of the voltage, to
glve a differential curve similar to a gamma pulse
height analysis. Table I and Figure 1 give examples of a
typical set of data and the resulting differential curve.
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The peak corresponds to the 59. 6-keV photo peak from
24 1Am with photon energy increasing to the right. The
proper operating voltage is at the bottom right-hand side
of the peak and corresponds to a lower discrimination
level of 30 or 40 keV, thus preventing the detection of

gamma or x rays below this level.

Comparison of the results obtained by this method,

with other methods has demonstrated its accuracy for
alpha pulse height analysis and its superiority to methods
based on a chemical separation of the americium from

(1]

the plutonium. Its advantage over pulse height

analysis is that no correction is necessary for 238Pu,
whose alpha particle energy of 5. 50 MeV cannot be read-
ily resolved from the 241Am alpha particle energy of
5.49 MeV, and that the errors caused by alpha particle
absorption by inert material in the sample are elimina-
ted. This advantage is due to the fact that in the gamma

counting method, americium is the principal activity

Table I
VOLTAGE PLATEAU DATA FOR A DIFFERENTIAL
COUNT CURVE

Count Rate, Differential
Volts c/m Count Rate
950 511 -

960 817 306
970 7065 6248
980 11732 4667
990 21672 9940
1000 25212 3540
1010 27577 2365
1020 28005 428
1030 28188 183
1040 28712 524
1050 29405 693
1060 29806 401
1070 30442 636
1080 31189 747
1090 31475 286
1100 31998 523

(1] J. Bubernak, M. S. Lew, and G. M. Matlack,
Anal. Chem. 30, 1759 (1958).
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Figure 1. 24lAm gamma spectrum from differential
countirg data.

counted, whereas in alpha pulse height analysis, the am-
ericium activity is 2 minor fraction of the total alpha ac-
tivity .

OPERATING INSTRUCTIONS

APPARATUS

Gamma Counter. The recommended gamma detector is

a well-type NAI(T1) crystal, 5.1-cm diam witha 1.7-em-
diam x 4-cm-deep well, coupled to a 2-in. -diam multipli-
er phototube. This easily accommodates a 13- x 100-mm
test tube, which fills to a depth of 2 cm with 2 ml of solu-
tion. The detector, with its associated power supply,
should be connected to an amplifier and scaler capable of
accepting count rates of 100,000 cpm with a coincidence
loss of less than 29. To achieve low background count
rates, the detector should be surrounded by at least 5 cm

of lead shielding.

Test tubes. 13- x 100-mm.

" REAGENTS

Americium calibration solution.
known weight of 241Am O, in a minimum quantity of 8M

2
HNO thh the aid of heat.

Dissolve an accurately

g Dilute accurately with 1M
HNO3 to give approximately 5 ng of

americium oxide may be obtained from the Isotopes Sales

241 Am per ml. The

Division, Oak Ridge, Tenn.




Nitric acid, 8M, IM.

Plutonium calibration solution. Obtain a portion of fresh-
ly purified plutonium prepared for mass spectrometric
analysis from a ceramic grade plutonium dioxide sample
(see ''Determination of Isotopic Distribution of Plutonium
in Plutonium Dioxide by Mass Spectrometry Following

Ion Exchange Purification, " p. 15). Dilute with 1M
HNO3 to give a plutonium concentration of approximately
100 pg/ml. Count the plutonium calibration sample
within 6 hr after purification to avoid errors caused by

the growth of 24lAm.

PROCEDURE

Blank

A blank measurement is not required.

Calibration

4

2
1. Transfer 2. 00 ml of the lAm calibration sample

into 2 13- x 100-mm test tube and cork the tube.

The cork prevents evaporation during the
calibration procedure and protects against
accidental spillage of the sample.

2. Place the tube in the detector well.

3. With the counter turned on, adjust the high voltage
to the point where the count rate begins to increase
rapidly with increasing voltage.

This is done by observing the scaler; it is
not necessary to record the count rates at
this point.

4. Count the calibration sample for 10 min and record

the count rate.
5. Increase the high voltage by 10 V, and repeat step 4.

6. Repeat steps 4 and 5 until the count rate remains

constant for 5 to 10 successive voltage points.

Ten successive points are recommended until
you become familiar with the procedure.

7. Prepare a graph from the counting data by plotting

the difference between successive count rates (y-

coordinate) against the voltage (x-coordinate).

This gives a crude pulse height analysis with
a clearly defined peak corresponding to the
59.6-keV gamma ray of 241Am.

8. Locate the voltage on the graph, on the higher voltage
side of the peak, at which the successive differences
are small. Record this as the operating voltage and
adjuét the power supply to this voltage.

This voltage corresponds to a discrimination
level that accepts 59.6-keV pulses but re-
jects those less than 30 to 40 keV, thus elimi-
nating interference from plutonium L x rays
at 17 keV.

9. Transfer 2. 00 ml of the plutonium calibration sample
into a 13- x 100-mm test tube and seal the tube with

a cqork.
10. Place the test tube in the detector well.

11. Count the plutonium calibration sample at the opera-
ting voltage determined in step 8 and after subtracting
the detector background, record the net count rate as

RPu'

Obtain at least 104 counts to ensure a counting
precision of 1% relative standard deviation.
12. Count the americium calibration sample at the oper-
ating voltage determined in step 8. After subtracting
the detector background, record the net count rate as

RAm'

Obtain at least 106 counts to ensurea counting
precision of 0. 1% relative standard deviation.

Calibrate each americium gamma counter with
the americium calibration sample at the beginning of
each 8-hr shift in which the counter will be used. Use
the same calibration sample and tube that was prepared
for the initial calibration. Then seal the top of the test
tube with a hot flame, instead of closing the tube with a
cork.

It is not necessary to repeat the initial calibra-
tion procedure for each shift calibration. It is sufficient
to count the calibration sample and to readjust the oper-
ating voltage slightly to reproduce the count rate ob-

tained in step 12.
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Calibration with a plutonium calibration sample
is not necessary for each 8-hr shift, because this
value is not likely to change significantly with slight vari-
ations in operating voltage. When the isctopic distribu-~
tion of the plutonium in the samples changes, a plutonium
calibration sample from the new material must be purifi-
ed and counted within 6 hr, or within a time during which
the gamma count rate will not increase by more than 1%
due to 24 1Am growth. .

Maintain a quality control chart for the americium
shift calibrations for each counter. Use the chart to de-
termine when significant changes or trends are noted in
the operating voltage. These changes should be investi-
gated and the trouble corrected before using the counter

for further americium determinations.

Sample Analysis

Dissolution

1. Dissolve a weighed, whole, mixed oxide pellet or a
weighed 1-g quantity of ceramic grade plutonium di-
oxide in 5 to 10 ml of 15.6M HNO3 in a 50-ml beaker
or a covered 30-ml platinum dish and with the aid

of simmering heat.

These dissolution conditions are the same as de-
scribed for "Determination of Uranium or Plu-
tonium by Controlled Potential Coulometry, ' p.47

Weigh all samples to + 0.2 mg.

A 15.6M HNO,-0.01M HF mixture may be used
for dissolution with platinum dishes. This mix-
ture gives faster dissolution rates. If this mix-
ture is used, omit step 3.

Rapid dissolution rates may be obtained with the
sealed-tube technique described on p. 5.

2. Repeat the additions of 5 to 10 ml of 15.6M HNO3
and heat as necessary until dissolution is appar-
ently complete.

Use simmering heat to speed the dissolution
and use covers to prevent spattering loss.

3. With the last addition of 15.6M HNO3 or when the
dissolution reaction is complete, add 1 drop of 1M

HF and sufficient 15. 6M HNO3 to give a total volume
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of 5to 10 ml. Continue the heating until complete
solubility is obtained.

4. Transfer the solution quantitatively with the aid of at

least five 5-ml rinses of 1M HNO,, to a tared, prefer-

3
ably heavy-walled polyethylene container having an

airtight cap, and weigh to + 1 mg.

Weighed aliquots of this solution can serve also
for various other analyses, including measure-
ments of plutonium, uranium, iron, and isotope
abundance measurements.

A heavy-walled polyethylene container minimizes
changes in concentration caused by transpiration
of water vapor through the walls.

Countin

1. Dilute a 25-mg weight aliquot of the dissolved sample
solution obtained in step 4 of the previous subsection
to 50 m! with 1M HNO3 and mix until the solution is
homogeneous.

This aliquot weight is based on a weight of 35 g
for the dissolved sample solution. Select the
aliquot weight proportional to this basis.

2. Pipet 2.00 ml of the diluted solution into a new 13-

x 100-mm test tube and cork the tube.

3. Place the tube in the gamma detector and count until

a total of at least 105 counts are accumulated.

Record the count rate as Rs after correcting for
background.

Calculations

Americium Calibration Factor

|

in which:

F,= cpm/ug Am ,

R Am - °PT of calibration sample ,

W N weight, ug, of americium in calibration sample.

Plutonium Calibration Factor




in which:
Fp =cpm/ug Pu ,

Rpu =cpm of calibration sample ,

WP = weight, ug, of plutonium in calibration sample.

Sample Results

F W '

in which:

R =pgAm/gPu,

RS = cpm of sample |
FP = plutonium calibration factor,
¥ AT americium calibration factor,

WS = weight, ug, of plutonium in sample counting

tube.
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DISCUSSION OF METHODS FOR CARBON

Two methods are given for the determination of
carbon in the four materials, ceramic grade uranium di-
oxide, ceramic grade plutonium dioxide, sintered urani-
um-plutonium mixed oxide pellets, and sintered uranium
dioxide insulator pellets. The methods are similar in
that the sample is heated in an oxygen stream to produce
carbon dioxide. They differ in the way the carbon dioxide
is measured. In the first method, the carbon dioxide is
condensed in a capillary trap at liquid nitrogen tempera-
ture, the trap is warmed, and the carbon dioxide pres-
In the sec-

ond method, the carbon dioxide is adsorbed on a mole-

sure is measured in a calibrated manometer.

cular sieve trap, then measured in a gas chromatograph
Both

measurement techniques have adequate reliability, are

equipped with a thermal conductivity detector.

fast, and avoid high-vacuum problems. The equipment

for the first method is less expensive.

The major factors that control the success of
these methods are the conditions of the combustion. A
thorough evaluation of the conditions required for com-
plete conversion of the total carbon in a sample to car-
bon dioxide has not been possible because reference ma-
terials have not been available with exactly known car-
bon contents and which match the samples in composi-
tion. One important and necessary condition is that the
pellets be pulverized to assure complete oxidation of the

carbon in the sample to carbon dioxide.

]

This require-
ment was first reported by LASL in a study of pellets
analyzed both with and without conversion to powder.
The results from the powder samples were a factor of
two and more greater than those from the unpulverized

The same effect was reflected in the Phase I

(2]

samples.
evaluation of analytical methods in which six labora-
tories reported results on samples of pellets randomly
selected from a batch considered to be homogeneous.

Each laboratory used its own analytical method with

(1] c. S. MacDougall and M. E. Smith, USAEC Report
LA-4284-MS (1969), p. 18.

(2] J. E. Rein, R. K. Zeigler, and C. F. Metz, USAEC
Report LA-4407 (1970).

differing combustion conditions; the only statistically
significant effect was that the two laboratories that did

not first pulverize the samples reported low resuits.

The temperature and duration of the combustion
in the two methods have been different. In the mano-
metric method, a temperature of about 1200°C and a
combustion time of 10 min are used. The second method
uses a higher temperature of 1300 to 1600°C and a
shorter combustion time, which are characteristic of
commercial carbon analyzers designed for the analysis
of metal samples, particularly steels, that actually ig-
nite to give a rapid conversion of the free and combined
carbon to carbon dioxide. For refractory samples, such
as uranium and plutonium oxides, a combustion period of

4 min is recommended to guarantee complete conversion.
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DETERMINATION OF CARBON BY COMBUSTION TO
CARBON DIOXIDE AND ITS MANOMETRIC
MEASUREMENT

SUMMARY

Carbon is determined by measuring the volume
of carbon dioxide produced by heating the pulverized
sample at 1000°C for 10 min in a stream of oxygen. The
carbon dioxide volume is calculated from PVT measure-

ments in a calibrated manometer.
APPLICABILITY

This method is applicable to all four materials
analyzed in this program, ceramic grade uranium diox-
ide, ceramic grade plutonium dioxide, sintered uranium-
plutonium mixed oxide pellets, and sintered uranium di-
oxide insulator pellets. With 100-mg samples, the nom-
inal lower limit of the method is 25 ug C/g. This limit
can be lowered by using larger samples. With one ap-
paratus setup, an analyst can analyze eight samples per
8-hr shift.

RELIABILITY

For a 100-mg sample, the relative standard de-
viation is 5% for carbon contents of 60 ug/g and 100 ug/g.
The relative standard deviation can be improved by using

larger samples.

DISCUSSION OF THE METHOD

The method is patterned after that developed by
(1]

Smiley for the determination of oxygen in plutonium
metal. Pellet samples are pulverized immediately be-
fore anal ysis. Weighed portions of the four sample types
in powder form, usually 0.1 g for the range of ~ 25 to
500 ug C/g, are wrapped in aluminum foil and trans-
ferred to the apparatus. As shown in Figure 1, the pow-
der sample is dropped into a tube furnace operating at

1000°C. The oxygen stream is first passed through a

(1] wW. G. Smiley, Anal. Chem. 27, 1098 (1955).

_—
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Figure 1. Apparatus for determination of carbon by com-
bustion to carbon dioxide and its manometric
measurement. R, oxygen flow regulator; T,
preoxidation tube; Tz, oxygen purification trap,
S, solenoid; D, sample dropper; T,, combus-
tion tube; T ,, gas purification trap; T _, car-
bon dioxide trap; M, mercury manometer; Vl
through VS’ bellows valves.

tube furnace containing cupric oxide at 800°C to oxidize

any traces of carbon monoxide, through a purification

trap containing magnesium perchlorate-Ascarite to re-
move water vapor and carbon dioxide, then through the
furnace containing the sample. The unreacted oxygen
and gases evolved from the reaction flow through a trap
of manganese dioxide and magnesium perchlorate that
removes oxides of nitrogen, phosphorus, and sulfur.

The oxygen and carbon dioxide continue through a capil-

lary trap immersed in liquid nitrogen in which the carbon

dioxide is quantitatively condensed. At the system opera-
ting pressure of ~ 50 Torr, no oxygen condenses in the
trap. After a 10-min combustion, the capillary trap and
connected capillary manometer are isolated, the trap is
allowed to warm to room temperature, and the amount of

carbon dioxide is calculated from the pressure-volume-

temperature relationship in the manometer.

Precautions necessary to obtain highly reliable
results include careful calibration of the capillary trap
and manometer, opera:tion at a maximum oxygen pres-
sure of 7 in. of water to obtain quantitative condensation
of carbon dioxide, and the pulverization of samples that

are not in powder form.
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OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Handle liquid nitrogen in a manner prescribed by

your Laboratory Safety Manual to prevent contact with

the skin. Take the necessary precauti ons in the design

and operation of the furnace sections of the apparatus to

prevent burns {o personnel and to dry box gloves.

APPARATUS

Gas combustion and manometric measurement apparatus

(Figure 1).

Note: The components are assembled using Apiezon W
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wax to seal unheated ball joints, high-vacuum
grease to seal heated ball joints, and solder for

1/4-in. soft-drawn copper lines.

R. Oxygen flow regulator. Range of 0 to 50 in,
of water, Nullmatic No. 40-2, Moore Products,

Inc., or equivalent.

Tl' Preoxidation tube. Nickel, 1-in. diam x
18-in. length, filled with wire-form cupric oxide
held in place by copper wool plugs, with a brass
screw cap sealed with a lead gasket. This tube
is heated at 800°C with a 750-W resistance fur-
nace, l.25-in. bore x 12-in. length, Hevi Duty

Electric Co., or equivalent.

T2. Oxygen purification trap. Glass, 5-cm diam
x 75-cm length, filled with Ascarite and magne-
sium perchlorate separated by a plug of glass

wool.

D. Sample dropper. This component, described

(1]

by Smiley , is connected to the combustion tube,
T3, by a standard-taper adapter which is cement-
ed with sodium silicate into the ground end of the
combustion tube. Samples are introduced into a
side arm fitted with a standard-aper glass cap.
The solenoid, S, lifts the plunger allowing the
sample to drop into the combustion tube. Power
to the solenoid is controlled through a rheostat

to lift and seat the plunger gently.

T3. Combustion tube. Alundum or zirconia, 1 1/4-
in. o.d. x 18-in. length, double reduced, cut

off at the larger end, Burrell Corp., or equiva-
lent. The ends are tapered to fit a 12/30 outer
joint and a 19/38 inner joint. The tube is packed
to half its height with broken fused silica chips or
with Alundum chips support ed on a glass wool
plug. to retain all particles of uranium and plu-
tonium oxide. This tube is heated at 1000°C with
a 500-W resistance furnace, 1 1/4-in.bore x 8-
in. length, Hevi Duty Electric Co., or equivalent.
See Figure 2 for details of the combustion tube.

T 4 Gas purification tube. Glass U-tube, 6-in.
height, 28/12 outer semiball joints on each end,
filled with manganese dioxide and magnesium per-
chlorate separated by a glass wool plug.  The
joints are connected to the gas lines with adapters
made by joining a 28/12 inner semiball joint and a

12/5 outer semiball joint.

Ts. Carbon dioxide trap. Glass, with dimensions

as detailed in Figure 3.

M. Mercury manometer. Glass capillary tube
immersed in a glass reservoir containing mer-
cury. The reservoir is held in a cylindrical

brass container with screw adjustment to provide
zero correction for changing atmospheric pressure.

V1 through Vs. Bellows valves, Hoke, No. 482,

29/42 TO 19/38 T
A1,0; OR Zr0, 1—,/

TUBE 1 174" 0. \— 6" TUBE
FURNANCE

|_-FUSED SI0, CHIPS

YA
13°

12/30 ¥
1275 BALL
JOINT

'T

Figure 2. Details of combustion tube.
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Figure 3. Details of carbon dioxide trap
(all dimensions in millimeters).

483, 484, A43l, and A483 modified per Smith
etal. (2]

Dewar vessel, 250-ml, to contain liquid nitrogen for
carbon dioxide trap, T5'
Mixer mill, Spex Model 8000 II, or equivalent, with
stainless steel balls for pulverizing pellet samples.

Sample loading tools. Tweezers and microspatulas.

Vacuum pump. Cenco Hyvac No. 91105, or equivalent.

(2] M. E. Smith, J. M. Hansel, R. B. Johnson, and
G. R. Waterbury, Anal. Chem. 35 1502 (1963).

12/1 FEMALE

;']I
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REAGENTS AND MATERIALS

Aluminum foil. Analyze three 15- x 15-mm pieces of
each lot as described under subsection Sample Analysis
starting at step 3. Use for samples only if the average

carbon content is less than 0.2 ug C/mg Al.
Ascarite.

Cupric oxide, wireform.

Magnesium perchlorate, anhydrous, desiccant grade.

Manganese dioxide, ''Subsorbent, ' Burrell Corp., No.
A25-433, or equivalent.

Mercury, triple distilled.
Oxygen, high-purity.

PROCEDURE

Calibration of Carbon Dioxide Trap and
Mercury Manometer

Calibration of the capillary system is necessary
because the volume increases as the mercury level falls
in the manometer, causing 2 nonlinear relationship be-

tween the manometer reading and the volume.

Fill a measured length of the capillary tubing with
mercury, remove the mercury and weigh it. From the
corresponding calculated volume of the mercury, calcu-

late the cross section, S, of the capillary.

Connect 2 leveling bulb filled with mercury to the
bottom of the manometer with plastic tubing. Open valve
V5 (see Figure 1) to the atmosphere and open valve V 4 to
bring the carbon dioxide trap and mercury manometer to
atmospheric pressure. Raise the mercury to the zero
mark. Record the atmospheric pressure, H, read from

a barometer.

Close valves V3 and V4 and lower the leveling

bulb to near the bottom of the manometer. Record the

manometer reading as X

1
Open valve V 4 to the atmosphere and record the

new level, Xz, of the mercury.
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Using the initial pressure in the system, H, and
the pressure after expansion, H-X2 + Xl’ apply Boyle's
law according to the following equations to calculate the

volume, V, of the trap above the zero mark.

VH = (V+8X)(H - X, + X)) . (1)

\Y% =sx1 (H - x2 + xl)/(x2 - xl) . (2)

Repeat the determination of V until four succes-

sive determinations agree within a range of 1%.

Insert the values obtained above for V and S into
the following equation for the weight, W, of carbon,

W =12 X(V + SX)/RT, 3)
in which X is the manometer reading.

To obtain the weight of carbon in micrograms,
express the linear dimensions in millimeters and take

the temperature as 25°C to convert Eq. (3) to Eq. (4).
2
W =0,00065(VX+ SX") . 4)
Blank

At the beginning of each 8-hr shift, determine the
blank. Proceed according to the Sample Analysis sub-
section starting at step 2 without an aluminum foil or
sample. The blank must be 1ess than the equivalent of
0.5 ug of carbon, equivalent to 5 ug/g for a 0.1-g sam-
ple, before samples can be analyzed. If the blank ex-

ceeds this value, rectify the difficulty before proceeding.

After each sample analysis, redetermine the
blank. Again the blank must be less than the equivalent
of 0.5 ug of carbon before proceeding with another
analysis.

Calibration

For the initial calibration of each analysis ap-
paratus, analyze the appropriate set of calibration ma-
terials provided. One set consists of five blends of a
metal carbide ble;xded into a uranium-plutonfum mixed
oxide matrix for the analysis of ceramic grade plutonium

dioxide and uranium-plutonium mixed oxide pellets. The
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other set consists of five blends of a metal carbide blended
into a uranium oxide matrix for the analysis of ceramic
grade uranium dioxide and uranium dioxide insulator
pellets. Process each of the five blends in the appro-
priate set in duplicate starting with step 1 under Sample
Analysis. Process the results using least-squares for-
mulas to obtain the values of A and B in the equation

y:Ax+B (5)

that best fit the data. In this equation, y is the measured
carbon content in ug/g, x is the blend value in the same
units, and A and B are the slope and intercept values,
respectively. B should be approximately zero. Main-
tain a quality control chart for the values of A and B
obtained for each calibration.

Once each week, verify the calibration by ana-
lyzing one blend in duplicate starting with step 1, Sample
Analysis. For these weekly verifications, assume that
B is zero. If an individual value for A disagrees signi-
ficantly at the . 05 confidence level, investigate the cause
for the difference and rectify the difficulty before pro-
ceeding with further analyses.

Sample Analysis

1. Pulverize a whole pellet for 2 to 5 min in a2 mixer-
mill with stainless steel balls.
Minimize the exposure of the ground sample to
air by proceeding quickly to step 2 and thence to
the analysis.
2. Weigh a 0, 1-g aliquot of the pulverized sample into
a 15- x 15-mm aluminum foil and wrap the sample
tightly.

This aliquot weight is recommended for the deter-
mination of carbon in the range of 25 to 500 ug/g-.
A larger sample, up to 1 g, may be used, and is
recommended for expected low levels of carbon.
3. Transfer the sample to the glove box where the ap-

paratus is installed.

4. Adjust the oxygen pressure with regulator (R) to 7 in.
of water, close valve Vs,and verify that the furnaces
are at their proper operating temperatures.

In this and subsequent stéps, refer to Figure 1




for identification of the components.

The oxygen pressure should not be greater than
7 in. of water because at larger pressures all
the carbon dioxide may not be retained in trap T5
due to the increased flow rate.
5. Remove the sample dropper cap (D) and introduce
the sample.
The positive oxygen pressure prevents air from
entering the apparatus while the cap is removed.
6. Replace the cap and flush the sample dropper thor-
oughly with oxygen before seating it.

7. With valves V3 and V 4 open to the pump, adjust V

to give a manometer reading of about 50 Torr.

2

This pressure corresponds to a flow rate of
100 m!/min.
8. Immerse trap T5 in liquid nitrogen.
Keep the Dewar flask full of liquid nitrogen
throughout the analysis.
9. After the liquid nitrogen ceases boiling, drop the
sample into the combustion tube by activating sole-
noid D.

Premature dropping of the sample before trap T
is sufficiently cold will cause loss of carbon
dioxide.

10. After 10 min, sequentially close V_ and V4, remove

3
the Dewar flask, immerse the trap in warm water

for a few seconds, then wipe the trap dry.

11. Record the manometer reading to the nearest 0.5
mm after tapping it gently with a short length of

rubber tube to free the meniscus.

Calculations
. Wl—Wz-Ws-B
AW4
in which

R = ug C/g sample |

W1 = micrograms of carbon calculated by equa-

tion (4) for sample

W2 = micrograms of carbon calculated by equa-

tion (4) for average of blanks before and

after sample (see subsection Blank),

w 3= micrograms of carbon calculated by equation
(4) for the aluminum foil sample container.
This value is the product of the foil weight
and its determined carbon concentration (see

section REAGENTS AND MATERIALS),
W4 = weight, g, of sample analyzed ,

A ,B = constants of calibration equation (5) for the
appropriate LASL blends (see subsection
Calibration).
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DETERMINATION OF CARBON BY COMBUSTION TO
CARBON DIOXIDE AND ITS CHROMATOGRAPHIC
MEASUREMENT

SUMMARY

Pulverized samples are heated at approximately
1200°C for 4 minutes in a stream of oxygen. The pro-
duced carbon dioxide is absorbed on a molecular sieve
trap, the trap is warmed to 70°c and flushed with helium,
and the desorbed carbon dioxide is separated on a silica
gel chromatographic column and measured in a thermal

conductivity cell.

APPLICABILITY

This methodL 1]

is applicable to all four mater-
ials analyzed in this program: ceramic grade uranium
dioxide, ceramic grade plutonium dioxide, uranium-
plutonium mixed oxide pellets, and uranium dioxide in-
sulator pellets. The combination of a trap to remove

oxides of sulfur from the gas produced in the combus-
tion and the silica gel chromatographic column elimi-
nates interference from all impurity elements that may
be present in the materials. With the recommended
sample size of 1 g, the nominal lower limit of the
method is 10 ug C/g. With one apparatus setup, an

analyst can analyze 25 samples per 8-hr shift.

RELIABILITY

The reliability of the method has not been re-
ported unequivocally for uranium-plutonium oxide ma-
terials. This statement is especially true concerning
accuracy because such materials containing known
amounts of carbon that also match the analyzed materials
in composition have not been available. The standard
deviation obtained for a batch of uranium dioxide powder
was 3.4 ug C/g at an average level of 34 ug C/g, corres-
ponding to a relative precision of 10%. It is expected
that the relative precision will improve at higher levels
of carbon, It also is expected that this degree of pre-
cision can be attained for samples of plutonium dioxide

and uranium-plutonium mixed oxide.

{1] A. Zerwekh, B. H. Baca, and W. H. Ashley, LASL
unpublished data (February 1970).

DISCUSSION OF THE METHOD

The commercial equipment used is designed pri-
marily for the determination of carbon in steel samples.
In discussing equipment, neither approval nor disappro-

val of specific equipment is implied or intended.

Pellet samples are pulverized immediately prior
to the analysis. Exposure of the pulverized sample to
air must be minimum to prevent adsorption of carbon
dioxide. A weighed portion of the powder sample, 1g
for the range of 25 to 500 ug C/g, is added to a low-
carbon ceramic crucible, and mixed with 1 g of low-
carbon iron chips, 2 g of tin, and 2 1-g copper ring. A
low-carbon ceramic crucible cover is placed on the cru-
cible which is transferred to the combustion furnace
where the sample is heated to approximately 1200°C in
a stream of purified oxygen for 4 min. The unreacted
oxygen and the gases evolved from the combustion flow
successively through a particulate filter, a trap contain-
ing manganese dioxide to absorb oxides of sulfur, a
heated cupric oxide bed to oxidize any carbon monoxide
to carbon dioxide, a magnesium perchlorate bed to re-
move water, and then into the analyzer to a column of
molecular sieve 4A that traps the carbon dioxide and
other combustion product gases. This column then is
eluted with a stream of helium to a silica gel chromato-
graphic column for separation of carbon dioxide from
other gases. The effluent from the silica gel column
flows through a dual compartment thermal conductivity
detector connected to an integrator that measures the

amount of carbon dioxide relative to helium.

The commercial equipment used for this analysis
is an integral unit with all of the components listed in the
previous paragraph. The normal readout component is
a digital voltmeter. A strip chart recorder can be sub-

stituted or added. &l

The importance of having the sample in a finely
divided condition cannot be overemphasized. Pellet

samples must be pulverized before analysis. Otherwise,

2] D. H. Schmitt, Babcock & Wilcox Report BAW-
4088-1 (1969).
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combustion is incomplete with consequent low results.

The other factor controlling complete recovery
is the duration of the combustion time. Experience at
LASL with various metal samples, particularly NBS
Steel Standard Reference Materials, has shown that the
short combustion time of 1 to 2 min used by many labora-
tories equipped with commexrcial equipment similar to
that described in this method is not sufficient to always
convert the carbon present in the sample quantitatively
to carbon dioxide. Repeated analyses of NBS steels have
shown that quantitative combustion of the carbon to car-
bon dioxide is achieved using a 4-min combustion time.
Results with a 2-min combustion time averaged about 5%
lower. These analyses were dore with 1 g of sample, 1g
of iron chips, 2 g of tin accelerator, and a copper ring
combustion starter. Over a 3-yr period, approximately
100 portions of NBS Steel SRM 8i have been burned as
standards to calibrate the LECO Low Carbon Analyzer
in use at LASL. Repeated analyses of this material
with a 4-min combustion time consistently have given an
average value of 770 ug/g with a relative standard devia-
tion of 5%. The range reported for this material by NBS,
for seven different analysts, is 720 to 810 ug/g. Based
on this experience, a 4-min combustion {ime is routinely

used at LASL for metal samples.

The combustion time for refractory materials
such as uranium-plutonium oxides is even more critical
than it is for steel samples. To determine the best com-
bustion time, 1-g samples of two uranium dioxide mater-
ials were analyzed by the method described below in
Sample Analysis ; combustion times varied from 2 to
5 min. The same materials also were analyzed by a
classical gravimetric method in which 5-g samples were
burned for 35 min at 1350°C in oxygen using sillimanite
combustion tubes and zirconium silicate boats. The re-
leased carbon dioxide was absorbed in Ascarite and
weighed. Table I summarizes the results from these

experiments.

Statistical analyses of those data show that the
4-min results for both uranium dioxide materials are not

significantly different from the gravimetric resuits, but

74

are significantly higher than the results obtained for 2-,
3-, and 5-min combustion periods. The low resuits for
the 5-min combustion time are thought to be caused by
loss of carbon dioxide somewhere in the automated equip-
ment. Each laboratory should establish the minimum and
maximum combustion periods for complete combustion
and recovery of carbon when using commercial equip-

ment,

Other accelerator and flux materials have been

" used with 1-g samples. The Babcock & Wilcox labor-

atory[ 2] uses only 1.5 g of low-carbon iron chips, and
the WADCO laboratory[ 3]

2 g of copper powder. The use of these materials was

uses 4 g of tin powder and

not investigated at LASL.

Because commercial equipment is used in this
method for which manufacturers provide detailed opera-
ting instructions, the Sample Analysis subsection has

only general instruction steps.

OPERATING INSTRUC TIONS

SAFETY PRECAUTIONS

Observe the necessary precautions as outlined in
the manufacturer's manuals, especially those concern-
ing the high-voltage components of the equipment. Dur-
ing operation avoid burns to personnel and containment
gloves when handling hot components. Operate the equip-

ment only when all components are properly sealed.

APPARATUS

Combustion-analyzer apparatus. LECO Low Carbon
Analyzer Model 734-300 (Laboratory Equipment Com-
pany, St. Joseph, Mich,) or equivalent. The apparatus
should include a purification train for oxygen in which
the sequential flow is wire-form copper oxide at 700°C,
Ascarite, Anhydrone, 95% H,S0,, Anbydrone, and
Ascarite.

L3] M. W. Urie, Method 20.3, Report WHAN-IR-5
(1970).




TABLE I
RESULTS FOR TWO URANIUM DIOXIDE MATERIALS

Material

Gravimetric Method

1. LASL Uranium Dioxide

Avug C/g 35.8
No. of Analyses 6
Std Dev 6.6

2. Pulverized Uranium Dioxide
Insulator Pellets

AvugcClg 11.7
No. of Analyses 6
Std Dev 4.1

Crucibles and covers, low-carbon, LECO 528-35 and
538-42, or equivalent.

Micro-mill, Spex, Model 8000 II, or equivalent, with
stainless steel capsule and balls for pulverizing pellet

samples.

REAGENTS
Copper ring, low-carbon, LECO 550-184, or equivalent.
Helium, high-purity.
Iron chips, low-carbon, LECO 501-77, or equivalent.
Magnesium perchlorate, anhydrous.
Manganese dioxide, LECO 501-60 '"Specially Prepared’

MnO2 » Or equivalent.

Oxygen, high-purity.
Tin, granulated metal accelerator, low-carbon, LECO
501-76, or equivalent.
PROCEDURE
Blank
At the beginning of each 8-hr shift, determine the
overall blank in duplicate. Proceed according to the
Sample Analysis subsection starting at step 2 without

sample. The allowable difference in the duplicate blank

measurements is 10 ug of carbon. Repeat the blank

Combustion Time for Commercial Equipment

2 Min 3 Min 4 Min 5 Min
23.8 20.3 33.56 22.2
6 6 6 6
3.6 3.2 3.4 5.5
7.6 No data 11.4 No data
8 8
2.0 2.7

measurement, if necessary, until a consistent blank

value is obtained.

Calibration

The primary calibration materials are the two
sets of blends prepared by LASL. One set consists of
five blends of a metal carbide blended into a uranium-
plutonium mixed oxide matrix for the analysis of ceramic
grade plutonium dioxide and uranium-plutonium mixed
oxide pellets. The other set consists of five blends of
a metal carbide blended into a uranium oxide matrix for
the analysis of ceramic grade uranium dioxide and uran-
ium dioxide insulator pellets. Process each of the five
blends in the appropriate set in duplicate, starting with
step 1 under Sample Analysis. Process the results by
least-squares formulas to obtain the values of A and
B in the equation

y = Ax+ B

that best fit the data, In this equation, y is the measured
carbon content in ug/g, x is the blend value in the same
units, and A and B are the slope and intercept values,
respectively. B should be approximately zero. Main-
tain a quality control chart for the values of A and B

obtained for each calibration.

Once each week, verify the calibration by
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analyzing one blend in duplicate starting with step 1,

Sample Analysis.

sume that B is zero.

For these weekly verifications, as-

If an individual value for A dis-

agrees at the . 05 significance level, investigate the "
cause for the difference and rectify the difficulty
before proceeding with further analyses.
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Sample Analysis

Pulverize a uranium-plutonium mixed oxide pellet
or a uranium dioxide insulator pellet for 2 to 5
min in a mixer-mill with a stainless steel capsule
and ball.

Minimize the exposure of the ground sample to
air by proceeding quickly with its analysis.

Ceramic grade uranium dioxide or plutonium di-
oxide are powders and do not require pulveri-
zation,

Weigh a crucible to + 0,01 g.

Transfer 1 g of powder sample to the crucible and
weigh to + 0,01 g.

This sample weight is recommended for the
determination of carbon in the range of 25 to
500 ug/g.

Add 1 g of iron chips, 2 g of tin, mix them,  and

place a 1-g copper ring on top of the mixture.

Place a lid on the crucible, position the crucible on
the pedestal within the combustion tube, and lock it
in position.

Clean the combustion tube at least once each day
with a wire brush. Errors can be caused by
partial plugging of the outlet end of the tube and
by extraneous material falling into the heated
zone during a sample combustion.

Flush the furnace system for 1 min with oxygen.

Flow the helium carrier gas into the chromatograph
section of the apparatus and establish baseline
equilibrium.

Leave the helium flow on continuously. It may
be reduced to a low flow rate over long periods
between sample analyses.

Heat the crucible and sample at approximately 1200°C
for 4 min,

Record the analyzer reading.

in which:

Calculations

(S-b)-B
AW ’

ug C per g of sample |
analyzer reading, ug C, for sample,
analyzer reading, ug C, for blank,

constants of calibration equation
for the appropriate set of LASL

calibration blends (see subsection
Calibration),

weight, g, of sample .



DETERMINATION OF FLUORIDE AND CHLORIDE

SUMMARY

Fluoride and chloride are jointly separated by
pyrohydrolysis and separately measured in the distillate.
Fluoride is measured in a relatively small aliquot of the
distillate with a fluoride specific ion electrode; chloride
in the remainder of the distillate is determined spectro-
photometrically by reaction with mercuric thiocyanate and
iron(lII) to form the intense red ferric thiocyanate com-
plex. The relative standard deviation is better than 10%

for the measurement of both halides over the ranges of

0.9 to 50 ug F/g and 4 to 50 ug Cl/g.

APPLICABILITY
1]

This method[ is applicable to samples of cera-
mic grade uranjum dioxide, ceramic grade plutonium di-
oxide, uranium-plutonium mixed oxide pellets, and uran-
ium dioxide insulator pellets. For 1-g samples, the con-
centration ranges covered by the method are 0.9 to 50 ug
F/g and 4 to 50 ug Cl/g. With specification limits of 10
ug F/g and 20 ug Cl/g for the two types of pellets, and
25 ug F/g and 25 to 50 ug Cl1/g for the two ceramic grade
materials, the 1-g sample is near optimum.

At the impurity specification limits for the four
materials in this program, none of the impurities inter-

fere with either determination.

Four samples can be separated by pyrohydrolysis
and analyzed for both fluoride and chloride by one analyst

in an 8-hr shift.

RELIABILITY

The relative standard deviations for the measure-
ment of fluoride are approximately 7% for the concentra-
tion range of 5 to 50 ug/g and 10% for the range of 0.9 to
5 ug/g. The relative standard deviations for the mea-
surement of chloride are approximately 5% for the con-
centration range of 6 to 50 ug/g and 10% at the lower

limit of 4 ug/g- The above precisions were obtained

(1] T. K. Marshall and N. L. Koski, LASL, unpub-
lished work (1970).

using 1-g samples as recommended in the method.

To obtain minimum between-laboratory differ-
ences, LASL-prepared blends are used for overall cali-
bration of the method both for the measurements of flu-
oride and chloride. Solutions prepared with hydrofluoric
acid and sodium chloride are used to calibrate the flu-
oride-specific-ion electrode and chloride spectrophoto-

metric measurement, respectively.
DISCUSSION OF THE METHOD

The two pellet-type samples are pulverized to
powder before analysis. The two ceramic grade raw
materials are analyzed as received. A 1-g sample in a

nickel boat is heated at 1000°C in a nickel tube furnace

" in a water-saturated argon-flowing atmosphere. Hydro-

gen fluoride and hydrogen chloride, formed by pyrohy-
drolysis, are collected in three sequential 8-ml distil-
late fractions. Each fraction is analyzed for fluoride
and chloride. Fluoride is directly determined by a spe-
cific ion electrode in 1-ml aliquots of the distillates, and
chloride is determined in the remaining distillate vol-
umes by a spectrophotometric method based on a reac-
tion with a mixture of mercuric thiocyanate and iron(IIT)

to form the intense, red ferric thiocyanate complex.

The analytical aspects of pyrohydrolysis were
explored over 20 yr ago by Warf 2]a.nd later by Warf,
Cline, and Tevebaugh[ 3] for separating halides from
salts and oxides of uranium and other metals. This me-
thod proved to be rapid and quantitative for separating
the halides, except iodide, without introducing the prob-
lems associated with sample dissolution. Gahler and
Porter[ 4]were among the first to use a nickel pyrohy-
drolysis tube and boat to obtain quantitative separation
and recovery of chloride from titanium sponge samples.

An all-nickel apparatus was found best also for recovery

(2] J. c. Warf, "Analytical Chemistry of the Man-
hattan Project,'" National Nuclear Energy Series,
1st ed., Div. VII, vol. 1, McGraw-Hill, New York,
N.Y.(1950), pp. 728 ff.

(3] J. c. warf, W. D. Cline, and R. D. Tevebaugh,
Anal. Chem. 26, 342 (1954).

(4] A. R. Gahler and G. Porter, Anal. Chem. 29,

296 (1957).
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of fluoride from uranjum oxide, plutonium oxide, and

(5]

mixed uranium-plutonium oxide. Essentially complete
separation of microgram quantities of fluoride and .
chloride from the ground oxide materials was obtained

by heating the sample at 1000°C in a nickel boat in a
nickel tube through which a stream of moist argon was
swept. Moisture is introduced by bubbling the argon
through boiling water before the gas passes through the
heated pyrohydrolysis tube. The pyrohydrolysis converts
the halides to hydrogen chloride and hydrogen fluoride ac-
cording to the following equations:

0o

2 0l + H,0 1000€ 5 he1+ 072,
(o)

2F +m0 229°C smpio?,

The evolved hydrogen halides are carried by the stream
of moist argon through a water-cooled condenser into a

water trap.

The concentration of fluoride is measured using

6]

a fluoride-gpecific-ion electrode[ in conjunction with
a saturated calomel reference electrode. A small ali-
quot of the distillate is placed in 2 microsample dish,

the tips of the electrodes are immersed, and the milli-
volt reading obtained on a high-sensitivity pH meter is
compared to the values on a previously prepared calibra-
tion curve to determine the fluoride concentration. For
an initial 1-g sample and the volume of distillate and ali-
quots specified in the method, the fluoride concentration
range determined is 0. 9 to 50 ug/g.

Determinations of fluoride by measurement of
the corresponding hydrogen ion and by microtitration with
thorium nitrateL 7] are also reliable, but the fluoride-
specific-ion electrode offers a more convenient and ra-
pid method of determining fluoride without altering the
nature of the solution. The electrode, which is construc-

ted from a single crystal section of rare-earth fluorides,

(5] T. K. Marshall and G. R. Waterbury, USAEC Re-
port LA-4284-M8 (1969), pp. 16-17.

(6] M. S. Frant and J. W. Ross, Jr., Science 154,
1553 (1966).

{71J. E. Lee, Jr., J. H. Edgerton, and M. T. Kelly,
Anal. Chem. 28,1441 (1956).
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shows high selectivity for fluoride ion over other anions
and responds to fluoride ion activities over a range of

more than five orders of magnitude. The electrode has

L8]

and has been used {0 measure

(9]

varied applications
fluoride in volumes as small as 50 ul. In addition to
measurements of fluoride ion activities, another appli-

cation has been the detection of the end points of titra-

The chloride concentration is measured in the
distillate remaining after removal of the aliquot for
fluoride determination. Nitric acid, mercuric thiocy-
anate, and ferric sulfate are added to the distillate to
form an equivalent amount of red colored ferric thio-

cyanate complex:

2 C1” + HE(SCN), + 2 petd > HgCL, + 2 (Fe(scN)*™2

More than one complex can be formed depending upon the
thiocyanate concentration, but at low thiocyanate concen-
trations [Fe (CNS)T2 is the predominant colored spe-

s. (11] All of these complexes are red, with a

cie
shift in maximum absorption toward shorter wavelengths
wit h decreasing thiocyanate concentration. The absorb-
ance of the complex is measured spectrophotometrically
at a wavelength of 460 nm in this method. Time and tem-
perature also affect the complex formation so that the
spectrophotometric measurement must be made after a
fixed reaction time at a constant temperature. Under the
conditions used in this method, the molar absorptivity

of the complex is 3090. With the 1-g sample and the
volume of distillate stipulated in the method, the chloride

concentration range is 4 to 50 ug/g.

The normally excellent separation achieved by
pyrohydrolysis eliminates ions, such as iodide, cyanide,
and thiosulfate, that would interfere with the chloride

[8] J. D. Neefus, J. Cholak, and B. E, Saltzman,
Amer. Ind. Hyg. Ass. J. 31, 96 (1970).

(9] R. A. Durtand J. K. Taylor, Anal. Chem. 39,
1483 (1967).

(10] W. Krijgaman, J. F. Mansveld, and B. F. A.
Griepink, Fresenius' Z. Anal.Chem. 249, 368(1970)

(11] c. E. Crouthamel and C. E. Johnson, Anal. Chem.
24, 1780 (1962); 26, 1284(1954).




spectrophotometric method. The most common source
of interference is accidental contamination of the sample
with extraneous chloride-containing materials, especial-

ly sodium chloride or ammonium chloride.

In combination with the pyrohydrolytic separa-
tion, this method of measuring chloride offers a simple

and rapid alternative to argentometric titration or micro-
distillation. (12]

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling the con-
centrated acids used in this method. As a minimum pre-
caution, rubber gloves should be worn. Hydrofluoric
acid is especially dangerous to the skin and will cause
slow-healing ulcerating sores. Consult your laboratory

safely manual for further information.

APPARATUS

Boat transfer unit, nickel, for rapid and safe transfer of
the sample boat into the reaction tube. Prepare two units
by cutting in half, lengthwise, an 8-in. length of 0. 75-in.
o.d. nickel tube having a wall thickness of 0.035 in.
Bend in one end of each half-tube to form a lip that can
be grasped with a pair of tongs.

Centrifuge tubes, conical, polyethylene, 15-ml. Pipet
8.5 ml of water into each tube and mark it at the

meniscus.

Electrode, fluoride-ion-specific, Orion Model 94-09, or

equivalent.
Electrode, reference, saturated calomel.

Flowmeter, Fischer and Porter Co., Catalog No. 448-
100, or equivalent.

Furnace, Hevi Duty Electric Co., Multiple Unit Type
122H-2, or equivalent.

Microsample dish, Orion Catalog No. 94-00-14, or
equivalent.

[12] H. N. Elsheimer, A. L. Johnston, and R. L.
Kochen, Anal. Chem. 38, 1684 (1966).

Mixer- mill, Spex Industries, Model 8000, or equivalent,
with a tungsten carbide capsule and ball.

pH meter, Beckman Expandomatic Model SS-2, or equi-
valent.

Pyrohydrolytic tube and condenser, nickel (see Figure 1)
Weld the nickel parts of this apparatus with pure nickel
under an inert atmosphere. Silver solder the brass or
stainless steel water jacket to the nickel tube. Insert a
suitable length of polyethylene or Tygon tubing that is
drawn down to a fine tip into the end of the condenser
(see Figure 2). Position the reaction tube and condenser
in the tube furnace with the condenser tube within 0.5 in.

of the outer vertical surface of the furnace (see Figure 2)
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Figure 1. Pyrohydrolysis tube and condenser.
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Figure 2. Pyrohydrolysis apparatus.
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Sample boat, nickel, fabricated from a 1- x 3-in. piece
of 3-mil thick sheet. Make right-angle bends about 3/16
in. from each 3-in. edge to form sides 3/16-in. high.

Spectrophotometer, Beckman Model DU, or equivalent,

with matched 1-cm cells.

Volumetric flagks, 10-ml. Pipet 9.0 m! of water into

each flask and mark it at the meniscus.

Water heater, borosilicate glass, made from a 1-1.
flask (see Figure 2). Prepare a 5-ohm resistance coil
by winding a 21-ft length of No. 26 nichrome wire over a
5/16-in.-diam mandrel, and assemble as shown. Adjust
the variable transformer to 75 V to maintain the water

at its boiling point.
REAGENTS

Argon gas, cylinder gas without purification.

Chloride stock solution, 250 ug Cl/ml. Dissolve 206.1
mg of sodium chloride in a final volume of 500 ml of dis-
tilled water.

Chloride calibration solution, 10 ug Cl/ml. Dilute 4 ml
of the stock solution to 100 ml with distilled water.

Ferric ammonium sulfate, 0.25M in 9M HNOS. Dis-
solve 12 g of FeNH4(SO4)2' 12 HZO in 58 m! of 15.6M

(70%) HNO3 and dilute to 100 ml with distilled water.

Fluoride stock solution, 640 ug ¥/ml. Dilute 700 mg of
28M (48%) HF to 500 ml with distilled water.

Fluoride calibration solutions, 64 ug F/ml and 0. 64 ug
F/ml. Dilute 10 ml of the stock solution to 100 ml with
distilled water to prepare calibration solution I contain-
ing 64 ug ¥/ml. Dilute 5 ml of calibration solution I to
500 ml to prepare calibration solution II containing 0. 64
ug F/ml.

Mercuric thiocyanate solution, saturated, in 95% ethanol,
The concentration of mercuric thiocyanate is appraci-

mately 0.3 g in 100 ml.
PROCEDURE
Blank

At the beginning of each 8-hr shift, determine
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the blank in duplicate starting with step 1 of the subsec-
tion Sample Analysis omitting the sample. The deter-
mined amount of fluoride must be less than 0.1 ug in the
first distillate fraction collected. The absorbance of the
chloride blanks must correspond to less than 6 ug of
chloride. These blanks measured against water include
the absorbance contributed by reagents which is equiva-
lent to approximately 5 ug of chloride. If the amounts of
fluoride and chloride exceed these levels, change reag-
ents and clean the apparatus until the blank levels are sa-

tisfactorily reduced before proceeding with samples.

As previously mentioned in the section DISCUS-
SION OF THE METHOD, chloride is a common contam-

inant encountered in laboratory operations. When seek-
ing the cause of a high chloride blank, it often is expe-
dient to check first the reagent solutions that are used
for color development. To do this, add distilled water
to a 10-ml volumetric flask and proceed with the color
development as described in steps 16 through 18 of the
subsection Sample Analysis .

An alternative to preparing two reagent blanks
for both fluoride and chloride is to use as the blanks the
third distillate fractions collected for each sample as
described in Sample Analysis . These can be used if the
measured fluoride and chloride levels are less than 0. 1ug
and 6 ug, respectively. If the levels exceed these amounts,
it is assumed that the fluoride, or chloride, or both, were
still being distilled at the end of the third fraction collec-
tion. In this case, additional distillate fractions are col-
lected until the fluoride and chloride levels decrease to
less than 0.1 ug and 6 ug, respectively. This last frac-

tion than can be used for blanks.

Calibration

To calibrate the fluoride-ion electrode, dilute
25-, 15-, 10-, 5-, 3-, and 1-ml aliquots of calibration
solution II in separate flasks to 50 ml each to prepare
solutions containing 0.32, 0.19, 0.13, 0.064, 0.038,

and 0.013 ug F/ml, respectively. Prepare and store
all solutions in polyethylene containers. Determine




millivolt readings for each of the dilutions and of cali-
bration solution II by transferring approximately 1 ml of
each into the microsample dish and obtaining the reading
according to steps 10 and 15 in Sample Analysis. Pre-
pare a calibration curve by plotting the millivolt readings
vs the ug F/ml.

To prepare a chloride calibration curve, pipet
0.2-, 0.5-, 1.0-, 2.5-, and 5. 0-ml aliquots of the cali-
bration solution (2 to 50 ug of chloride) into separate
10-ml volumetric flasks. Follow the directions for
color development and measurement in steps 16 and 17
in Sample Analysis . Include duplicate determinations
for which no chloride is added to calculate the net ab-
sorbance. Prepare a calibration curve by plotting the

net absorbance readings vs the micrograms of chloride.

The overall calibration of the method is accom-
plished with two sets of LASL-prepared calibration
blends. One set consists of five blends in a uranium
oxide matrix covering the nominal range of 2 to 50 ug
F/g and 2.5 to 50 ug Cl/g to be used for samples of cer-
amic grade uranium dioxide and uranium dioxide insula-
tor pellets. The other set consists of five blends in a
mixed uranium-plutonium oxide material covering the
same nominal ranges to be used for samples of ceramic
grade plutonium dioxide and uranium-plutopium mixed

oxide pellets.

For initial calibration, process each calibration
blend in duplicate beginning at step 1 of Sample Analysis.
Process the results for fluoride and chloride separately
for each matrix materials using least-squares formulas

{0 obtain the values of A and B in the equation

y=Ax+B

that best fits the data. In this equation, y is the amount
of chloride or fluoride read from the respective calibra-
tion curve, x is the known amount of chloride or fluoride
in the calibration blends, A is the slope (ratio of y/x or
the recovery factor) which should approximate unity, and

B is the intercept value which should approximate zero.

Each week, verify the calibration by processing
duplicates of one of the calibration blends in the appro-
priate matrix material starting with step 1 under Sample
Analysis . Maintain a quality control chart for the chlo-
ride and for the fluoride calibration data obtained each
week in terms of A assuming that B is zero. If the av-
erage of the duplicate results disagrees at the . 05 signi-
ficance level with the average of previous results on the
appropriate quality control chart, investigate the cause
for the difference and rectify the cause before proceeding

with further analyses.

Carefully store the spent calibration material
samples from which chloride and fluoride have been sep-
arated during each calibration analysis. At the begin-
ning of each 8-hr shift werify the initial and weekly cali-
brations by adding 100 ul of fluoride calibration solution
(64 ug F/ml) and 100 ul of chloride stock solution (250 ug
Cl/ml) to each of two 1-g portions of the spent calibra-
tion material residues contained in separate nickel boats.
Add the solution aliquots as uniformly as possible to the
1-g portions of oxide powder. Allow the mixtures to
stand until the small volume of moisture evaporates,

and then analyze each sample starting with step 1 under

Sample Analysis but omitting steps 3 and 4. Compare
the average value obtained for A in the chloride and in
the fluoride determinations to the values on the respec-
tive quality control charts. If the values disagree at

the .05 significance level, investigate the cause and rec-
tify the difficulty before proceeding with the analysis of

samples.

Sample Analysis

1. Prepare the pyrohydrolysis apparatus for use as
follows:
(a) turn on the tube furnace and allow it to heat to
maximum temperature, (b) turn on the cooling water
for the condenser attached to the reaction tube, (c)
adjust the argon flow to 170 to 200 ml/min, (d) ad-
just the voltage to the heating coil of the steam gen-

81



82

erator to produce 8 ml of distillate in approximately
15 min with all components of the pyrohydrolysis ap-
paratus at operating conditions, and (e) add 0.5 ml
of water to each of three 15-ml polyethylene centri-
fuge tubes.

Refer to Figures 1 and 2 for details of the appar-
atus.

Use 15-ml polyethylene, conical, centrifuge tubes
to collect the distillates for each blank or sample
determination, These tubes are precalibrated
for 8. 5-m! volumes (see APPARATUS).
Disconnect the 29/42 cap from the pyrohydrolysis
tube and place one of the 15-ml centrifuge tubes so
that the open end of the exit tube is immersed in the

water at a level just above the bottom of the centri-

fuge tube.

Grind uranium-plutonium mixed oxide and uranium
dioxide insulator pellets for 2 to 5 min in a mixer-
mill using a tungsten carbide container with tungsten
carbide grinding balls.

Pellet samples must be ground to ensure com-
plete pyrohydrolysis.

Omit this step for ceramic grade uranium di-
oxide and ceramic grade plutonium dioxide
samples.
Transfer 1 g of powdered sample to a tared nickel
boat, spread the sample uniformly over the middle
half of the boat, and weigh the sample and boat.

Determine the weight of sample to + 10 mg.

Transfer the boat and sample to a boat transfer unit,
place the transfer unit and boat in the entrance end
of the pyrohydrolysis tube, move the transfer unit
and boat into the tube with a nichrome pusher rod,
and immediately close the pyrohydrolysis tube with
the 29/42 cap.

Place the boat on the transfer unit and quickly

move the transfer unit to the hottest part of the

pyrohydrolysis tube. Move the transfer unit

into the tube and seal the tube rapidly to prevent
any loss of fluoride or chloride.

Continue heating the sample with uniform steam and
argon flow until 8.0 ml of distillate has been collec-

7.

10.

11,

ted.

A fine taper on the tubing tip extending into the
centrifuge tube minimizes the volume of dis-
tillate displaced by the tip to provide a more ac-
curate measurement of the total 8. 5-ml volume
(see step 11).

Without removing the 29/42 cap from the pyrohydro-
lytic tube, remove the 15-ml! centrifuge tube, re-
place it with another centrifuge tube containing 0. 5
ml of water, and continue the pyrohydrolysis until
8.0 ml of distillate again has been collected.

These two 8-ml distillates are analyzed for
chloride and fluoride starting at step 11. The
second 8.0-ml distillate is collected to ensure
complete recovery of chloride; both distillates
are analyzed as the measure of total fluoride
and chloride.

Remove the second centrifuge tube from the furnace
exit tip , replace it with a third centrifuge tube con-
taining 0.5 ml of water, and collect a third 8.0-mi
of distillate.
This distillate may be used for blank determin-
ations (see the subsection Blank).
Disconnect the 29/42 cap and pull the transfer unit
with sample out of the furnace.

The sample should be set aside in case the
amounts of fluoride and chloride collected in the
third pyrohydrolysis fraction are significant
(see steps 15 and 18).

Pull the transfer unit with sample from the
hottest part of the pyrohydrolysis tube and al-
low it to cool slightly before completely remov-
ing it to prevent damage to the borosilicate
glass furnace entrance.

If the sample is a calibration blend, carefully
transfer the residue to a clean storage con-
tainer for future daily calibrations (see sub-

section Calibration).
To begin the analysis of a new sample, place an-
other 15-ml centrifuge tube containing 0.5 ml of
water under the exit tube and continue the opera-
tions described in steps 4 through 9.
Pyrohydrolyze the next sample while the fluo-
ride is being measured for the preceeding sam-
ple.
Transfer the solutions from each centrifuge tube

to separate 10~ml volumetric flasks with the aid




of 0.5-ml water rinse.
The flasks are precalibrated for 9-ml volumes
(see section APPARATUS).
12, Add water to each volumetric flask to give volumes

of 9 ml, stopper, and mix.

13. Transfer 1.00 ml of solution from each volumetric
flask to separate microsample dishes for measure-
ment of fluoride,

The 8 ml of solution remaining is used for the
measurement of chloride starting at step 16.

14. Immerse the tips of the fluoride-ion-specific and
calomel electrodes in the solution in the microsam-
ple cup and turn the Expandomatic pH meter to the
expanded scale for each of the three fluoride mea-
surements.

It is essential that contact be made between the
tips of the two electrodes through the solution
in the microsample cup.

15. For each measurement, record the millivolt read-
ing from the pH meter when the reading becomes
constant and read the corresponding fluoride con -
centrations from the fluoride calibration curve.

The electrodes respond slowly to traces of flu-
oride. A waiting period of 15 to 60 min is nec-
essary,depending upon the particular electrode
used and the fluoride concentration, {o obtain
the correct value.

If the millivolt reading indicates more than 0.6
ug of fluoride in any 1-ml! aliquot, take a sec-
ond 1-ml aliquot and dilute to 10 ml with water
in a 10-ml! volumetric flask. Determine the flu-
oride in a 1-m! aliquot of this dilution according
to steps 14 and 15.

If the amount of fluoride measured in the third
distillate exceeds 0.1 ug, replace the sample in
the furnace and obtain additional distillates until
this level is attained.

16. To the solutions remaining in each of the three vol-
umetric flasks, add 1 ml of ferric ammonium sul-
fate solution, swirl the flask to mix the solution,
add 1 ml of mercuric thiocyanate solution and dis-
tilled water, if necessary, to bring the volume to
10 ml, again mix, and allow each solution to stand
for 10 min.

This order of addition of reagents and stated op-
erations is important to obtain correct color de-

velopment (see section DISCUSSION OF THE
METHOD).

17. Transfer a portion of the solution from each volu-
metric flask to separate clean, dry, 1-cm Corex
cells and, without delay, determine the absorbance
for each solution at 460 nm using distilled water as

a reference liquid.

18. Compare the absorbance obtained with the values on

the previously prepared chloride calibration curve.

If the apparent amount of chloride measured in
the third distillate exceeds 6 ug, replace the
sample in the furnace and obtain additional dis-
tillates until this level is attained.

Calculations
Fluoride
K=9H, (1)
K = 90H, @)
in which

K = total micrograms of fluoride in a distillate
(blank or sample).
H = micrograms of fluoride in a2 1-ml aliquot of
a distillate read from the fluoride electrode
calibration curve.
Equation (2) is used only if a second 1-ml aliquot was di-
luted to 10 ml for a fluoride measurement as described
in step 15 of the subsection Sample Analysis.
F=(K -K)* (K, ~K)+ "+ (K -K),
in which
F = apparant micrograms of fluoride in sample,
K1 = micrograms of fluoride in first distillate
fraction,
K2 = micrograms of fluoride in second distillate
fraction,
Km = micrograms of fluoride in last distillate
fraction containing greater than 1.0 ug of
fluoride (see step 15 of the subsection Sam-
ple Analysisand subsection Blank).
Kb = micrograms of fluoride in reagent blank.

Note: If the last distillate fraction that was collected
was used as the blank (see subsection Blank), the value
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of Kb is the measured micrograms of fluoride in this

S
last fraction.
F-B
= -, A, B
AW
in which
R = micrograms of fluoride per gram of W
sample,

A, B = factors for fluoride calibration equation
obtained using LASL-prepared blends
(see subsection Calibration ),

W = weight, grams, of sample.

Chloride

Y =(Y1 -Yb)+ (Yz -Yb)+ ”'+(Ym_Yb) .

in which

Y = net absorbance,

Y1 = absorbance of first distillate fraction,

Y2 =absorbance of second distillate fraction,

Ym = absorbance of last distillate fraction in
which the absorbance corresponds to 6 u g or
greater of chloride read from the calibration
curve,

Yb = average absorbance of the duplicate reagent
blanks .

Note: If the last distillate fraction that was collected
was used as the blank (see subsection Blank), the value

of Yb {s zero.

_9L
c=20 . @)
c=9L , 4)
—
in which

C ={otal micrograms of chloride in sample ,
L = micrograms of chloride corresponding to
net absorbance Y read from the calibration
curve.
Equation (4) is used only if a second 1-ml aliquot was
"diluted to 10 ml for a fluoride measurement as des-
cribed in step 15 of the subsection Sample Analysis).

S =W ,
in which

micrograms of chloride per gram of
sample ,

factors for chloride calibration equation
obtained using LASL-prepared blends
(see subsection Calibration),

weight, grams, of sample.




DETERMINATION OF NITRIDE NITROGEN
BY
SPECTROPHOTOMETRY

SUMMARY

Nitrogen is measured spectrophotometrically at a
wavelength of 410 nm following separation as ammonia
by a Kjeldahl steam distillation and subsequent color
development with Nessler's reagent. The quantity of
nitrogen is calculated from the measured absorbance
and the absorbance per microgram of nitrogen obtained
for prepared solutions having known nitrogen contents.
The relative standard deviation ranges from 20% for 3 ug
of nitrogen to 3% for 50 to 90 ug of nitrogen.

APPLICABILITY

This method is applicable to the determination of
nitride nitrogen in the concentration range between 3 and
500 ug/g in unirradiated samples of sintered, uranium-
plutonium mixed oxide pellets, ceramic grade plutonium
dioxide, ceramic grade uranium dioxide, and sintered
uranium dioxide insulator pellets. None of the impurities
at the specification limits for these four materials inter-

fere.

The recommended quantity of nitrogen for mea-
surement is between 3 and 100 ug. For samples con-
taining 100 to 500 ug of nitrogen, dilutions are made
fallowing the separation to reduce the quantity of ni-
trogen measured to less than 100 ug. A single deter-
mination, exclusive of dissolution, requires 30 min, but

20 determinations can be made in an 8-hr shift.

RELIABILITY

The relative standard deviation is 20% for a con-
centration of 3 ug/g, 10% for a concentration of 10 ug/g,
and 3% for concentrations between 50 and 90 ug/g in 1-g
samples. For higher concentrations of nitrogen, an ac-
curately measured aliquot of the distillate is taken that
contains between 50 and 90 ug of nitrogen so that the

relative standard deviation of the measurements is also
3%. The initial calibration of the method and weekly
calibration verifications are done by analyzing LASL-
prepared blends of mixed oxide and uranium oxide pow-
ders in which the nitrogen is present as uranium nitride.
In addition, verification of the calibration is recommended
each 8-hr shift by analyzing calibration solutions pre-
pared from ammonium chloride because the Nessler's

reagents are not stable for long periods.

DISCUSSION OF THE METHOD

A multitude of succe ssful applications, since the
method was first reported almost a century ago by Kjel-
dahl, ( 1]attest to the quantitative nature of the separa-
tion of nitride nitrogen by steam distillation as ammonia
from strongly basic solution. The method requires the
conversion of nitride nitrogen to ammonia in acid solu-
tion to avoid loss of nitrogen. This is conveniently ac-
complished by digesting the sample under reflux condi-
tions in acids such as phosphoric or hydrochloric-per-
chloric. The conversion of nitride nitrogen to ammon-
ium salts upon the acid dissolution of various metals,
alloys, and compounds has been assumed to occur quan-
titatively. Although little fundamental work appears to
have been directed toward any critical exploration of the
correctness of this assumption, its general validity is
supported by the reasonableness of thousands of analyti-
cal resuits on 2 great variety of samples. The complete-
ness of the recovery of evolved ammonia during the dis-
tillation, however, is easily tested and is known to be

2]

complete. Winkler's technique[ of trapping the am-

monia in boric acid solution is used and is followed by

the spectrophotometric measurement based on the color

(3]

formed with Nessler's reagent. This reagent con-

-2
and reacts with traces of ammonia to form

HEgNH, I. (4]

tains (Hgl 4)

an insoluble yellow-orange comp ound, HgI2 .

-2
2NH3 + Z(Hg14) — Hg12 HgNHZI + NH4 +41 (1)

(1] J. Kjeldahl, Z. Anal. Chem. 22, 366 (1883).
(2] L. W. Winkler, Z. Angew. Chem. 26, 321 (1913).
[3] J. Nessler, Z. Anal. Chem. 7, 415 (1868).

(4] D. F. Boltz, Colorimetric Determination of Non-

metals, Interscience, New York (1953), pp. 76,
84, 85.
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This insoluble colored compound, in the presence of a
stabilizer such as gum arabic, [5]forms a highly dis-
persed colloidal suspension. This suspension acts very
i nearly as a true solution and can be measured specfro-
photometrically. Although successful adaptations of a
titrimetric method have been made on the micro level,[s]
colorimetry has been used almost exclusively for the mea-
surement of microgram quantities of nitrogen. (4]
Contamination with organic nitrogen compounds
or inorganic ammonium salts, or digestion of the sam-
ples innitric acid, will cause high results. Aldehydes,
acetone, and alcohols interfere with the development of

(4]

the color with Nessler's reagent. These interfer-
ences can be avoided with general laboratory cleanliness
and due care in preparation and handling of reagents.
There are few other substances which are volatile in the

basic conditions used, thus making the method selective.

It is possible that other methods, including vacu-
(7]

7
um extraction of the Dumas method, also may suf-

fice for measuring the nitride nitrogen. Comparisons
show that the difference between nitride nitrogen ob-
tained by the Kjeldahl method and total nitrogen obtained
by the Dumas method is negligible for the 12 different
metals and alloys. A comparison of this type has not
been made, however, for the oxide materials to which
this method applies. The Kjeldahl method is preferred
because it has the advantages of speed once the sample
is dissolved, simplicity, freedom from interferences,

and requires no special equipment.

Uranium dioxide and uranium-plutonium mixed
oxides are dissolved slowly by refluxing the sample

in concentrated phosphoric acid with a few drops of hy-

(8]

drofluoric acid. Ceramic grade plutonium dioxide

(5] W. G. Frankenburg et al., Anal. Chem. 25, 1784
(1953).

(6] D. A. Skoog and D. M. West, Fundamentals of
Analytical Chemistry, Holt, Rinehart and Winston,
New York (1963), p. 355. :

(7] N. H. Furman, Ed., Scott's Standard Methods of
Chemical Analysis, Vol 2, D. van Nostrand Co.,
Inc., New York (1939), p. 2488.

(8] N. L. Koski, T. K. Marshall, and G. R. Water-
bury, USAEC Report LA-4307-MS (1969), p. 64.
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generally is dissolved using the sealed-tube method as
nitric acid digestion of the sample would cause high re-
sults. Fusion of plutonium dioxide with an acid flux prob-
ably would bring about solution, but some loss of ammonia
would be anticipated. Basic fusion certainly would give

low results.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling concen-
trated acids. As a minimum precaution, rubber gloves
should be worn. When preparing dilute sulfuric acid
solutions, always add the acid carefully to the water and
not the reverse. Hydrofluoric acid is especially danger-
ous to the skin and will cause slow-healing ulcerating
sores. Consult your laboratory safety manual for further

information.
APPARATUS

Digestion apparatus, consisting of a condenser with a
24/40 inner joint sealed to the bottom, a 50-ml, round-
bottom flask with a 24/40 outer joint, and an electric
heating mantle to fit the flask.

Spectrophotometer, Beckman, Model DU, with matched

1-cm cells, or equivalent.

Steam distillation apparatus, see Figure 1.

Variable transformer, 5-A maximum.load.
REAGENTS

Ammonium chloride calibration solution. Dissolve 3. 819

g of NH4CI in 11. of water. Dilute 10 ml to 11. with wa-
ter to prepare a solution containing 10 ugN/ml.

Boric acid, 5% aqueous solution.

Hydrochloric acid, 12M (37%).
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Figure 1. Steam distillation apparatus.

Hydrofluoric acid, 28M (48%).

Nessler's reagent. Dissolve 50 g of potassium iodide in
35 ml of water and add slowly, with stirring, a saturated
solution of mercuric chloride until a slight precipitate of
red mercuric iodide persists. Add 400 ml of clear 9M
NaOH and dilute to 1 1. Allow to stand until clear and de-

cant the clear liquid for use.

Nessler's stabilizer reagent. Dissolve 20 g of gum ara-
bic in 400 ml of hot water and cool. Wash 20 g of Dowex
50- x 2, 200-400 mesh resin with 6M HCI followed by
ammonia-free water, prepared by triple distillation or
by deionization with mixed-bed, ion exchange resins, un-
til the pH of the effluent increases to more than 4. Add
the washed resin to the gum arabic solution, allow it to
settle, and decant the solution to ar amber bottle for
storage. Be careful to avoid transfer of any preci-

pitate.
Phosphoric acid, 14.TM (85%).

Sodium hydroxide, 12.5M (50%)-

PROCEDURE
Blank

Determine the blank in duplicate by adding 5 ml
of 14. TM H PO, and 3 drops of 28M HF to each of two
50-ml, round-bottom flasks and digest the solution for
2 hr. Then proceed from step 3 in the subsection Sample
Analysis through step 10 or 14, whichever is appropriate.
Use this blank to correct the absorbances obtained for

the calibration materials and samples.

Calibration

For the initial calibration of each analysis appar-
atus, use a set of LASL-provided calibration blends. Use
the set having a uranium-plutonium mixed oxide matrix
for samples of mixed oxide pellets and ceramic grade
plutonium dioxide and the set having a uranium oxide ma-
trix for samples of ceramic grade uranium dioxide and
uranium dioxide insulator pellets. Measure the nitrogen
in duplicate samples of each of the five blends in the ap-
propriate set starting with step 1 in the subsection Sample
Analysis. Using a least-squares fit of the results data,
calculate the linear calibration equation

y=Ax+B 2)
in which y is the absorbance, x is the micrograms of ni-
trogen in the 50-ml distillate volume, A is the absorbance
§er microgram of nitrogen in the 50-ml distillate volume,
and B is the intercept in terms of absorbance in the 50-ml
distillate volume. B should be essentially zero. Main-
tain a quality control chart for the values of A and B cal-
culated from each calibration.

Verify the calibration for each apparatus setup
once each week during periods when samples are anal-
yzed with one calibration blend in duplicate. Recalibrate
when 2 difference at the . 05 significance level is obtained
for A.

At the beginning of each 8-hr shift, verify that re-
agents are ammonia-free and that the Nessler's reagent
and Nessler's stabilizer reagent are stable by analyzing
two Gfml aliquots of the ammonium chloride calibration

solution starting at step 1 in the subsection Sample Anal-
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ysis . Maintain a separate quality control chart for these
calibration data in terms of absorbance per microgram
of nitrogen. When an average calibration result dis-
agrees at the .05 significance level with the average of
previous results, prepare all ne w reagents including the
Nessler's reagent and Nessler's stabilizer reagent. Ver-
ify that the two new Nessler's reagents are satisfactory
by obtaining a linear relationship between absorbance and
micrograms of nitrogen when duplicate pipetted aliquots
of 2, 6, 10, and 15 ml of the ammonium chloride calibra-
tion solution are carried through steps 9, 10, and 11 of
the Sample Analysis. Then reanalyze two 6-ml aliguots
of the ammonium chloride calibration solution starting at
step 1 in the Sample Analysis subsection. Should the av-
erage result again disagree at the .05 significance level
with the average of previous results, again prepare new
reagents and repeat the above until agreement is obtained
or until the results of two consecutive verifications agree.
In the latter case, recalibrate the entire method with an
appropriate set of LASL-provided blends.

It also is recommended that the above scheme be
followed whenever one or both of the Nessler's reagents

are changed.

Sample Analysis

1. Transfer an accurately weighed, l1-g portion of the
sample into a digestion flask, then add 5 ml of 14. TM_
H3P04 and 3 drops of 28M HF.

Dissolution of the sample by the sealed-tube
method is often preferred, especially for plu-
tonium dioxide materials. For samples dis-
solved by the sealed tube method, transfer an
aliquot of the dissolver solution containing I g
of sample to a 50-ml, round-bottom flask and
proceed to step 3.

2. Clamp the flask on the digestion apparatus, place the
condenser on the flask, reflux the sample until it dis-
solves, and then wash the condenser with 15 to 25 ml

of distilled water.

3. Transfer the flask to the distillation apparatus, as-
semble the apparatus making sure all connections are
tight, turn on the heater, but do not stopper the steam

generator.
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Refer to Figure 1 for a description of the
parts of the apparatus. The stoppet is not in-
serted in the steam generator until the dis-
tillation is started.

4. Place a 50-ml volumetric flask containing 2 ml of 5%
boric acid and about 5§ m! of ammonia-free water un-
der the condenser with the condenser tip extending be-
low the surface of the liquid, and place 15 ml of 12.5M
NaOH in the reservoir above the digestion flask. (If
the sample is known to contain less than 50 ug/g of
nitrogen, use as a receiver a 25-ml volumetric flask
containing 2 ml of 5% boric acid and 3 to 5 ml of am-

monia-free water.)
The tip is kept below the surface of the
boric acid to prevent the loss of ammonia.

5. When the water in the steam generator boils, allow
the 12.5M NaOH to flow slowly into the sample solu-
tion. If the sodium hydroxide is forced up the side
arm to the steam generator, momentarily place the
stopper on the steam generator, but remove the stop-
per when the sodium hydroxide has been forced from
the side arm.

The reaction between the sodium hydroxide
and acid is vigorous and the apparatus
should be watched closely during this step.

6. Immediately following addition of the sodium hydrox-
ide from the reservoir, close the reservoir stopcock,
place the stopper in the steam generator, and steam
distill until 25 to 30 ml of distillate has collected in
the 50-ml receiver flask. (If a 25-ml flask is used,
collect 10 to 15 ml! of distillate).

Stoppering the steam generator forces steam
through the sample solution and starts the
steam distillation.

7. Remove the stopper from the steam generator, quickly

remove the clamps from the joints connecting the re-
servoir assembly to the condenser and to the steam
generator, and wash the condenser with 2 to 3 m! of

water as it is being removed from the receiver flask.

8. Dilute the distillate in the 50-ml receiver flask to

volume with ammonia-free water, shake well, and

pipet a 5-ml aliquot of the solution into a 25-ml vol-



10.

11.

13.

14.

umetric flask containing 15 to 20 ml of ammonia-free
distilled water and 2 ml of 5% boric acid.
Retain a full 45 ml of distillate in the receiver

flask; do mot discard any excess solution
taken up with the 5-ml pipet.
Pipet 1 ml of Nessler's stabilizer reagent and mix
and then pipet 1 ml of Nessler's reagent into the
flask.

The order of addition of reagents is important
to obtain full color development and stability.

Dilute the solution to volume with ammonia-free

distilled water, shake, and allow to stand for 10 min.

Me asure the absorbance at 410 nm in a 1-cm cell
using as a reference a solution containing 2 ml of
5% boric acid and 1.00 ml each of Nessler's sta-
bilizer reagent and Nessler's reagent in a 25-ml

volume.

Prepare the reference solution at the same
time the two color-forming reagents are
added to the samples.

Calculate the nitrogen content (ug N/g sample) from
the absorbance (Yl) as shown under Calculations .
If the calculated nitrogen content is between 200 and
500 pg/g, use the value obtained for the 5-ml ali-
quot. For lower nitrogen concentrations, proceed
to the appropriate step listed below:
Nitrogen, ug/g Step
10 to 100 13
" 100 to 200 15

To the remaining 45 m! of distillate in the 50-ml
flask, add the reagents and perform the operations

as directed in step 9.

Measure the absorbance at 410 nm in a 1-cm cell
using a reference solution containing 2 m! of 5%
boric acid and 1 ml each of Nessler's stabilizer
reagernt and Nessler's reagent in a 50-ml volume.
The absorbance is designated as Y2 for the

45-ml aliquot (step 14) and Y3 for the 20-ml
aliquot (step 15) under Calculations.

15. Transfer a 20-ml aliquot of the distillate, step 8, to

a 50-ml flask, add the reagents, dilute the solution

to volume, and mix as directed in step 9.

step 14 to measure the absorbance (Y 3).
Calculations
N=F (Y, - B)/AW ,

in which
N = nitrogen in sample, ug/g,
Yi = absorbance of sample solution at 410 nm,
A, B = constants determined from equation (2) in
Calibration subsection,
W = weight of sample, g,

Fi = dilution factor, with the following values:

Absorbance Measured Dilution Factor

Repeat

Y, F = (50/5)(25/50) = 5.00
Y2 Fs = (50/45) =1.11
Y, F,= (50/20) =2.50

89






DETERMINATION OF PHOSPHORUS
BY
SPECTROPHOTOMETRY

SUMMARY

Phosphorus is measured spectrophotometrically
as the blue reduced form of the heteropoly molybdo-
phosphoric acid at a wavelength of 725 nm after separa-
tion from plutonium or uranium by extraction into n-
butanol. The quantity of phosphorus is calculated from
the measured absorbance and the absorbance per micro-
gram of phosphorus obtained for calibration materials
having known phosphorus contents. The relative standard
deviation is 3% at phosphorus concentrations of 100 ug/g,
the average specification limit for the fuel materials in

this program.

APPLICABILITY

This method is applicable to the determination of
phosphorus at concentrations between 10 and 200 ug/g in
ceramic grade uranium oxide and plutonium oxide, ur-
anium dioxide insulator pellets, and uranium-plutonium
mixed oxide pellets. The calibration materials supplied
by LASL are usable for this range. At the impurity
specification limits for the materials in this program,
only tantalum and tin interfere with this method. They
do not interfere when present at one-tenth of their
specification limits. The recommended quantity of
phosphorus for measurement is between 0.5 and 10 ug,
and the specified sample size is optimum for this range.
A single determination, exclusive of dissolution, re-
quires about 0.5 hr, and six determinations can be done

in about 1.5 hr.

RELIABILITY

The standard deviation is about 1 ug/g at a phos-
phorus concentration of 10 ug/g, 1.6 ug/g at a concen—
tration of 40 ug/g, and 3 ug/g in the concentration range
above 100 ug/g. The recommended calibration materials

are reagent grade monobasic potassium phosphate and

the blends supplied by LASL. When these materials are
properly used there is no bias in the method,

DISCUSSION OF THE METHOD

A yellow heteropoly acid of phosphate and molyb-

date ions is formed in acid solution when a large excess

of molybdate ion displaces equation (1) to the right. (1]
po "2 + 12 MoO, 2+ 27H'
4 s >
H,P(Mo,0,), + 10 H,0 1)

The acid is extracted into n-butanol which separates the
phosphorus from most interfering ions, and from excess
molybdate which would interfere in the reduction step. The
yellow acid is then reduced to the blue form by washing
the n-butanol with stannous chloride. The absorbance of
the blue form, which has a molar absorptivity of 22,700, b

is measured at 725 nm in the n-butanol solution.

Interfering elements include arsenic, cerium,
germanium, gold, tantalum, and tin. Of these, tantalum
and tin are the only two that have specification limits for
the fuel materials in this program, but will not interfere
if present at no more than one-tenth their specification
limits. This is the expected situation. Silicon as silica
can be a major interference as it also forms a blue he-
teropoly complex. It is eliminated by fuming the samples
with a2 small amount of hydrofluoric acid. The remain-
ing interfering elements are not ordinarily present in the
fuel materials, with the possible exception of cerium,
which may occur in recycled material and cause low

results in the phosphorus measurement.

Uranium oxide, uranium-plutonium mixed oxide,
and plutonium dioxide dissolve slowly in 15.6M HNO3 at
its boiling point. Hydrofluoric acid at low concentra-
tions in the nitric acid accelerates the dissolution, espe-
cially of samples containing plutonium dioxide or those

contaminated with silica. The sealed-tube method[ 3] is

(1] c. Wadelin and M. G. Mellon, Anal. Chem. 25,
1668 (1953).

(2] €. H. Lueck and D. F. Boltz, Anal. Chem. 28,
1168 (1956).
(3] see p- 5-
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recommended for high-fired plutonium dioxide. Either
nitrate or chloride solutions are acceptable. Fuming the
sample with sulfuric acid gives low, erratic results and
is not recommended. Perchloric acid, however, may be
safely used for fuming to eliminate volatile anions and

impurities.

Phosphorus is a ubiquitous element; as a resuit,
the equipment must be kept very clean to ensure good
results, It is particularly important to wash rubber
gloves to remove the phosphorus-containing talc powder.

In addition to speed, simplicity, and relative
freedom from interferences, this method has the added
advantages of requiring only small amounts of sample,
about 50 mg for phosphorus concentratiqns between 10
and 200 ug/g. The only equipment required is that
usually found in a laboratory equipped to analyze plu-
tonium materials spectrophotometrically.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling con-
centrated acids. As a minimum precaution, rubber
gloves should be worn. When pfeparing dilute sulfuric
acid solutions, always add the acid carefully to the
water and not the reverse. Hydrofluoric acid is espe-
cially dangerous to the skin and will cause slow-healing
ulcerating sores. Consult your laboratory safety manual

for further information.
APPARATUS
Crucibles, platinum, 8-ml.

Spectrophotometer, Beckman, Model DU, or equiva-
lent, with matched 1-cm cells.

REAGENTS

Ammonium molybdate, 4% in 0.6M HZSO4. Prepare
fresh daily to minimize contamination.

n-Butanol.
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Ethanol, 100%.

Hydrochloric acid, 12M (37%).
Hydrofluoric acid, 28M (48%).
Nitric acid, 15.6M (70%).

Perahloric acid, 12M(70%), 1M. Use quartz-distilled
acid and water, or equivalent purity.

Phosphorus reference solution, 1 ug P/ml. Dissolve
274.6 mg of monobasic potassium phosphate in 500 ml
of 1M HCIO4. Dilute a 4-ml aliquot to 500 ml with 1M
HCIO4.

Stannous chloride, 1%. Dissolve 1 g of SnClz-ZHZO in

3 ml of 12M HCI and dilute to 100 ml with 0.6M HZSO4.

Prepare fresh daily.
Sulfuric acid, 18M (96%), 0.6M. Use quartz-distilled
acid and water, or equivalent purity.

PROCEDURE

Special Precaution

Cleanliness in this determination is extremely
important to ensure good results. As a minimum effort,

rinse all glassware with 18M sto followed by large

4
amounts of distilled water. Clean platinum dishes with
fine sand and rinse with water. Be especially careful to
remove powder from protective gloves by washing them

with a non-phosphorus-containing soap and water.

Blank

Determine the reagent blank in duplicate by start-
ing at step 2 in the subsection Sample Analysis, omitting
the sample, and going through step 15. If the measured
absorbance is greater than 0.015, replace each reagent

individually to determine the source of contamination.

Calibration

Two sets of calibration blends are supplied by
LASL. One set nominally contains 10, 20, 50, 100,
and 200 ug/g of phosphorus as uranium phosphide in ura-
nium oxide. The other set contains like amounts of

uranium phosphide in uranium-plutonium mixed oxdde.



For the initial calibration of each analysis appara-
tus, process two accurately weighed 50-mg portions of
each of the five calibration blends in the appropriate set
as described under Sample Analysis . Use least-squares
formulas to obtain the linear calibration equation

y = Ax+B 2)
that best fits the calibration data. In this equation y is
the absorbance, x is the micrograms of phosphorus, A
is the slope, and B is the intercept on the y-axis; B
should be approximately zero. Prepare a quality control
chart for the values of A and B obtained for each analysis

apparatus.

Once each week during periods when samples are
analyzed, verify the calibration by processing duplicate
50-mg portions of one of the calibration blends. Dis-
solve each portion in a 8-ml platinum crucible and mea-
sure the phosphorus as described in Sample Analysis.
Calculate the value of A' = y/x, and plot it on the quality
control chart for A. If an individual value of A' dis-
agrees at the . 05 significance level with the value of A
determined from the complete calibration set, investi-
gate the cause for the difference and rectify the difficulty

before proceeding with further analyses.

For initial tests of the method and prior to each
calibration, use the 1 ug P/ml reference solution pre-
pared from monobasic potassium phosphate. It also is
recommended that two 1.00- to 5.00-ml aliquots of this
solution be processed each 8-hr shift starting with step 6
in Sample Analysis . These data may be incorporated
into the quality control chart of phosphorus calibration
data in terms of A", the absorbance per microgram of
phosphorus in the reference solution. If the daily value
disagrees significantly at the .05 significance level with
the average of previous results on the quality control
chart, investigate the cause for the difference and rec-

tify the difficulty before proceeding with further analyses.

Sample Analysis

1. Transfer an accurately weighed, 50-mg portion of

uranium oxide, plutonium oxide, or uranium-pluton-

ium mixed oxide sample into a 8-ml platinum crucible.

10.

11.

A 50-mg sample is appropriate for concentrations
of 10 to 200 ug/g of phosphorus.

The sealed-tube technique, p. 5, which gives
faster dissolution rates, is recommended for
plutonium-containing samples. If used, add
0.2 ml of 12M HCIO, to the dissolved sample and
proceed to step 5.
Cover the sample with approximately 3 ml of 15.6M
HNOs, add a drop of 28M HF, and 0.2 ml of 12M
HCIO s and heat under infrared lamps to fumes of
perchloric acid.
This dissolves the sample.

Perchloric acid is recommended rather than sul-
furic acid. Fuming with sulfuric acid causes low
and erratic resuits.

Add 1 ml of water and decant the dissolved portion in-

to a 8-ml platinum crucible.

Repeat steps 2 and 3 until the sample completely dis-

solves.

Add 10 drops of 28M HF and fume the solution to near
dryness.
Hydrofluoric acid volatilizes interfering silica.

Dissolve the residue in 1 ml of 0.6M H,80 and quan-

4
titatively transfer the solution to a separatory funnel

with 7 ml of 0.6M H,SO

T
Add 2 ml of 4% ammonium molybdate and mix the so-
lution for 10 min.
This allows time for the formation of the hetero-
poly acid of phosphate and molybdate ions.
Add 5 ml of n-butanol, mix for 2 min, allow the phases
to separate, and discard the aqueous (lower) phase.
The yellow heteropoly acid extracts into the n-
butanol phase.

Add 5 ml of 0.6M H_SO,, mix the phases for 1 min,

2774
allow them to separate, and discard the aqueous (low-
er) phase.
Excess ammonium molybdate in the n-butanol
strips into the aqueous phase.
Repeat step 9.

Add 2 ml of 1% stannous chloride solution, mix the
phases for 1 min, allow them to separate, and dis-

card the aqueous (lower) phase.
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The yellow heteropoly acid reduces to the intense
blue form.
12. Transfer the organic phase to a 5-ml volumetric
flask, rinse the sides of the extractor with ethanol,
transfer the rinses to the volumetric flask, and di-

lute to volume with ethanol.

The butanol volume is approximately 4 ml at this
time, because of its solubility in water. The
ethanol, which is highly miscible with both n-
butanol and water, ensures a quantitative transfer.

13. Measure the absorbance at 725 nm in 1-cm cells

using ethanol as a reference solution.

CALCULATIONS

Sample Results
P = (S-B)/AW,

in which P = phosphorus in sample, ug/g ,
S = absorbance of sample solution

at 725 nm,

A, B = constants determined from
equation (2) in Calibration ,

W = weight of sample in grams.
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DETERMINATION OF SULFUR
BY
SPECTROPHOTOMETRY

SUMMARY

Sulfur is measured spectrophotometrically as
Lauth's Violet following its separation by distillation as
hydrogen sulfide. Higher oxidation states of sulfur are
reduced to sulfide by a hypophosphorous-hydriodic acid
mixture, the hydrogen sulfide is distilled into zinc ace-
tate, and p-phenylenediamine and ferric chloride are
added to form Lauth's Violet. The quantity of sulfur is
caloulated from the measured absorbance at 595 nm and
the absorhance per microgram of sulfur obtained for
oalibration materials having known sulfur contents. The
relative standard deviation ranges from 12 t{o 3% for
the concentration range from 10 to 600 ug of sulfur per

gram of sample.
APPLICABILITY

The method is applicable to the determination of
sulfur in the concentration range of 10 to 600 ug/g for
samples of ceramic grade uranium dioxide, ceramic
grade plutonium dioxide, uranium-plutonium mixed oxide
pellets, and uranium dioxide insulator pellets. The rec-
ommended absolute range of sulfur for measurement is
5 to 60 ug. Two sample sizes are therefore specified;
0.5 g for the concentration range of 10 to 100 ug/g and
0.1 g for concentrations greater than 100 ug/g.

None of the specified impurity elements interfere
with the method when present in amounts up to twice their

specification limits for the above materials.
RELIABILITY

The standard deviation for 0. 1-g samples ranges
from 0. 3 ug sulfur at the 5-ug level to 1. 8 ug at the 60-
ug level. For 0.5-g samples, the standard deviation
ranges from 0.6 ug sulfur at the 5-ug level to 2. 8 ug at
the 60-ug level. The corresponding relative standard de-
viations in 0. 1-g samples are 6 to 3% for the range of

50 to 600 ug/g and in 0. 5-g samples are 12 to 5% for

the range of 10 to 120 ug/g.

Bias, especially bet ween laboratories, is mini-
mized by the use of calibration materials. The recom-
mended calibration materials are potassium sulfate and
the two sets of LASL-prepared calibration blends. One
set has a uranium oxide matrix to be used for the anal-
ysis of ceramic grade uranium dioxdide and uranium di-
oxide insulator pellets, the other set has a uranium-plu- .
tonium mixed oxide matrix to be used for the analysis of
ceramic grade plutonium dioxide and uranium-plutonium

mixed oxide pellets.

DISCUSSION OF THE METHOD

The major steps in the method are reduction of
nitrate with formic acid, reduction of plutonium to the
(ITI) oxidation state with hydroxylamine hydrochloride,
reduction of sulfur to hydrogen sulfide with a hydriodic
acid-hypophosphorous acid mixture, distillation of the
hydrogen sulfide into a zinc acetate solution, formation
of Lauth's Violet by adding p-phenylenediamine and iron
(IIT) chloride, and spectrophotometric measurement at

595 nm.

A strongly colored heterocyclic compound is
formed by the reaction of p-phenylenediamine with sul-
fide followed by oxidation with ferric chloride. The
colored compound known as Lauth's Violet is a three-
ring compound having S and N bridge atoms. The re-
action comes to equilibrium in about 0. 5 hr with some
fading of color after approximately 1.5 hr. Beer's law
is closely followed by the complex at equilibrium.

A mixture of hydriodic-hypophosphorous acid is
an adequate reducing agent for higher oxidation states of
sulfur. Prereduction of plutonium in plutonium-contain-
ing materials with hydroxylamine and of nitrate with
formic acid reserves the reducing power of the acid mix-
ture for reduction of the oxidized sulfur. The hydrogen
sulfide produced by the reduction is distilled into neutral
zinc acetate, the mi xture is acidified, and p-phenylene-
diamine and ferric chloride are added. Addition of the

reagents in this order and thorough mixing after each

addition are necessary to attain complete color develop-
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(1]

ment.

Uranium oxide, uranium-plutonium mixed oxide,

3
its boiling point. Hydrofluoric acid at low concentration

and plutonium dioxide dissolve slowly in 15. 6M HNO,, at

in the nitric acid accelerates the dissolution, especially
of the plutonium-containing oxides or samples contam-
inated with silica. Repeated intense fuming to dryness
during dissolution should be avoided to prevent volatili-
zation or mechanical carryover of sulfate. Heating to
incipient dryness will not cause loss of sulfur. Do not
introduce perchloric acid at any time during dissolution
because perchlorate residues may react explosively with

formic acid in subsequent operations. The sealed-tube

dissolution technique, described on p. 5, is preferred
for this method because it prevents possible loss of sul-

fur and because faster dissolution rates are achieved.

Nitrate or chloride solutions obtained by the dis-
solution techniques discussed above are the preferred
forms of samples. Chloride solutions obtained by the
sealed-tube technique can be used directly for analysis.
Solutions containing nitrate and easily reduced cations
that interfere with the reduction of higher oxidation
states of sulfur to sulfide require additional treatments.
Nitrate is destroyed in this method with formic acid.
Plutonium(IV) and other interfering cations are reduced
with hydroxylamine to eliminate the need for excessive
amounts of the reducing acid mixture. Uranium is re-
duced slowly by the acid mixture without interfering with
the reduction of higher oxidation states of sulfur. Be-
cause U(III) precipitates with phosphate in the reduced
solution, calibration materials containing uranium are
required to test for the occlusion of sulfide by the pre-
cipitate.

In addition to simplicity and freedom from inter-
ferences, this method had the added advantage of re-
quiring small amounts of sample, about 0. 1 g for sulfur

concentrations between 100 and 600 ug/g. The distilla-

(1] E. Booth and T. W. Eveit, AERE Report AERE-
AM-5 (1958).
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tion apparatus is the only equipment required besides
that normally found in a laboratory equipped to analyze
plutonium materials spectrophotometrically. Materials
for construction of the sulfur distillation apparatus should
cost less than £100. Two distillation apparatuses can be

operated simultaneously by one analyst.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling the con-
centrated acids used in this method. As a minimum pre-
caution, rubber gldves should be worn. Face shields are
mandatory when using the pressurized apparatus to pre-
pare the sulfur-free reducing acid mixture. Hydroflu-
oric acid is especially dangerous t6 the skin and will
cause slow-healing ulcerating sores. Consult your lab-

oratory safety manual for further information.
APPARATUS

Pressurized reducing acid boiler (see Figure 1).

Spectrophotometer, Beckman, Model DU, or equivalent,

with matched 1-cm cells.

Sulfur distillation apparatus (see Figure 2).

i
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Figure 1. Pressurized reducing acid boiler.
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Figure 2. Sulfur distillation apparatus.

REAGENTS

Argon gas, cylinder
Ferric chloride, 2% in 6M_ HCI.
Formic acid, reagent grade, redistilled.

Hydriodic-hypophosphorous acid reducing mixture. Mix
400 ml of 7.6M (57%) HI with 200 m! of 31% hypophos-
phorous acid and boil the solution for 30 min in the pres-
surized apparatus. Test for sulfur content by analyzing
a 15-ml aliquot as described in steps 10 through 18 of the
subsection Sample Analysis, omitting step 12. Compare
the results to a reagent blank containing zinc acetate, hy-

drochloric acid, p-phenylenediamine, and ferric chloride.

Reboil in the pressurized apparatus if necessary to re-

duce the sulfur content to below 1 ug/15 ml.

Hydrochloric acid, 12M (37%), 6M, 3M, 0.6M. Check
the 12M HCI for sulfur content by following steps 10
through 18, omitting step 12, of the Sample Analysis
subsection. Use only a reagent in which the sulfur con-
tent is less than 1 ug/10 ml and prepare the diluted acids
with this reagent and distilled water.

Hydrofluoric acid, 28M (48%).
Hydroxylamine hydrochloride, 20% aqueous solution.

Nitric acid, 15.6 M(70%).
p-Phenylenediamine, 1%. Dissolve 1 g of p-phenylene-
diamine in 100 ml of 0. 6M HCI.

Silver nitrate, 1% aqueous solution.

Sulfur calibration solution, 5 ug S/ml. Dissolve 2. 7167 g
of dry potassium sulfate in water and dilute to 11. Di-

lute 2. 00 ml to 200 m! with water.

Zinc acetate, 4% aqueous solution. Dissolve 20 g of zime
acetate in 500 ml of water and filter.

PROCEDURE

Blank

Determine the blank in duplicate starting with
step 3 under Sample Analysis. If the measured absorb-
ance (step 18) is significantly greater than that measured
in testing the hydriodio-hypophosphorus acid mixture (see
REAGENTS) at the .05 significance level, replace each
reagent individually to determine the source of contam-

ination. Discard the contaminated reagent.
Calibration

Two sets of LASL-prepared calibration blends
are provided. One set consists of five blends in a uran-
ium oxide matrix covering the nominal range of 20 to
600 ug S/g to be used for samples of ceramic grade uran-
ium dioxide and uranium dioxide insulator pellets. The
other set consists of five blends in a uranium-plutonium
mixed oxide matrix covering the same nominal range to
be used for samples of ceramic grade plutonium dioxide
and uranium-plutonium mixed oxide pellets. For the
initial calibration of each analysis apparatus, process
duplicates of each calibration blend in the appropriate

set as described under Sample Analysis.

Process the results using least-squares formulas

to obtain the values of A and B in the linear equation

y=Ax+ B

that best fit s the data. In this equation, y is the absorb-
ancd, x isthe micrograms of sulfur, A is the slope,
and B is the intercept with the y axis. B should be ap-
proximately zero, Prepare a quality control chart for

the values of A and B obtained for each analysis apparatus.

97



Once each week during periods that samples are
analyzed, verify the calibration by processing duplicates
of an appropriate calibration blend. Calculate A' =y/x
and plot it on the quality control chart for A. If an indi-
vidual value of A' disagrees at the .05 significance level
with the value of A from the complete calibration set, in-
vestigate the cause and rectify the difficulty before pro-
ceeding with the analysis of samples.

Use aliquots of the 5 ug S/ml calibration solution
during initial testing of the method and t{o check each an-
alysis apparatus prior to a calibration with the LASL-pre-
pared blends. It also is recommended that two aliquot 8,
in the volume range of 1.00 to 10.0 ml, of the 5 ug S/ml
cali bration solution be processed each 8-hr shift. The
obtained results may be incorporated into the quality con-
trol chart in terms of A'' = y/x. If either daily result
for A'* disagrees at the .05 significance level with the
running average of A'!, investigate the cause for and
rectify the difficulty before proceeding with the analysis
of samples.

Sample Analysis

1. Pulverize uranium-plutonium mixed oxide pellets
and uranium dioxide insulator pellets.

The recommended apparatus is a mixer-mill with
a tungsten carbide container and a tungsten car-
bide ball.

2. Transfer a sample, weighed to + 0.2 mg, to a 20-ml

beaker or a 30-ml platinum dish.

Use a 0.5-g sample when the expected level of
sulfur is 100 ug/g or less. Use a 0.1-g sample
for expected levels above 100 ug/g.

The sealed-tube technique, described on p. 5,
is the preferred method of dissolution. If
used, proceed to step 9.

A 30-ml platinum dish is recommended for
ceramic grade plutonium dioxide samples which
usually require long dissolution times.

3. Add 5 ml of 15.6M HNO3 and 3 to 4 drops of 28M HF
and heat the solution below its boiling point.

Avoid spattering and consequent loss of sample.
Watch glasses or platinum lids also are recom-
mended.
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10.

11

12,

If necessary, add additional amounts of 15.6M HNO3
and 28M HF and continue heating until the sample

completely dissolves.

Evaporate the solution just to dryness.
Do not fume intensely to dryness because the sul-
fur may volatilize.
Dropwise add 0.5 ml of formic acid, heat the solu-
tion at moderate heat until the vigorous reaction sub-
sides and gases are no longer evolved.

The reduction of nitric acid by formic acid is
vigorous. To prevent loss of sample, cover the
beaker or dish with a watch glass between each
addition of formic acid.

Remove the watch glass, rinse it with water and
collect the rinses in the beaker or dish, add 0.5 ml
of formic acid, and slowly evaporate just to dryness.

Nitrate must be completely removed because it
reacts explosively with the reducing acid, step
13.

Do not bake the residue because the sulfur may
volatilize.

Dissolve the residue in a minimum volume of 3M HCl

and dilute to a volume of approximately 5 ml with

water.

Heat the solution to just below the boiling point and
add 20% hydroxylamine hydrochloride until the re-
duction of plutonium to the blue (III) oxidation state
is complete.

Omit this step for samples that do not contain plu-
tonium. Usually 20 drops of hydroxylamine will
completely reduce the plutonium.
Add 30 ml of water to the trap of the distillation ap-
paratus (see Figure 2) and insert the trap tube.
Boil 15 ml of reducing acid in the distillation flask
for at least 15 min at the beginning of each 8-hr
shift to remove any sulfur residue.
Pipet 10.0 ml of 4% zinc acetate solution into a 50-ml,
glass-stoppered, graduated cylinder , dilute to 35 ml
with water, and position the cylinder so that the end
of the delivery tube of the distillation apparatus is

immersed in the solution.

Quantitatively transfer the sample solution (step 8 or
9) with minimum water rinses to the distillation flask



and insert the reducing acid delivery tube.
See Figure 2.

13. Add 15 ml of the reducing acid mixture and 10 ml of
12M HCI to the delivery bulb, insert the argon sweep
gas tube, and start the flow of the reducing acid mix-
ture to the distillation flask.
See Figure 2.
Adjust the flow rate of argon to 100 cms/ml‘n.

14. Turn on the heating mantle and boil the golution for

35 min.

15. Disconnect the distillate delivery tube, rinse it with
2.00 ml of 3M HCI followed by ~ 2 ml of water,
collecting these rinses in the zinc acetate solution.

Any zinc suifide formed inside the tube is rinsed
into the zinc acetate solution.

16. Pipet 1. 00 ml of 1% p-phenylenediamine into the so-
lution, mix rapidly by swirling the cylinder, pipet
1.00 ml of 2% ferric chloride, and again mix rapidly
by swirling the cylinder.

Rapid mixing after each reagent addition pre-
vents formation of a brown reduction product
that interferes with the spectrophotometric
measurement.

17. Dilute to 50 ml with water, stopper the cylinder,

mix the solution, and let stand exactly 1 hr.

18. Measure the absorbance within 10 min at a wave-

length of 595 nm with water as the reference.

Calculations
s=Y-B
AW
in which

S = micrograms of sulfur per gram of sample,

y = sample absorbance corrected for the reagent blank
absorbance,

A, B = constants from appropriate calibration equation
(see subsection Calibration),

W = weight of sample in grams.
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DETERMINATION OF TUNGSTEN BY SPECTROPHOTO-
METRY AFTER EXTRACTION
INTO 3, 4-DIMERCAPTOTOLUENE

SUMMARY

Tungsten is reduced to W(V) by Ti(Ill) in hot 9IM
HCl and is extracted into a 1% solution of dithiol (3,4-di-
mercaptotoluene) in pentyl acetate. The concentration of
tungsten is calculated from the absorbance of the tung-
sten-dithiol complex at 640 nm. Molybdenum interferes
strongly and when present must be separated by a prelim-
inary extraction into 0.5% dithiol-pentyl acetate before
reduction of the tungsten. At the specification limit for
tungsten of 100 ug/g of sample, the relative standard de-
viation is 1%, and is 7% at a level of 2.5 ug/g. Chemical

calibration eliminates bias.

APPLICABILITY

This method is applicable to the determination of
tungsten in uranium-plutonium mixed oxide pellets, ur-
anium dioxide insulator pellets, ceramic grade uranium
dioxide, and ceramic grade plutonium dioxide. Molybden-
um, which may be present in the fuel materials, serious-
ly interferes with the tungsten determination and must be

separated by a preliminary extractton. (1]

Metals which
extract and also form colored complexes with dithiol in-
clude lead, palladium, platinum, and technetium. Inter-
fering concentrations are 100 ug/g of sample for plati-
num ar[xd :t]:echnetium and 1000 ug/g for lead and palla-

1

dium The nominal concentrations of these four im-
purity elements in the four fuel materials are insignifi-
cant and special treatments are not required to separate
them. The range of the method is from 5 to 150 ug/g

when 1 g of sample is taken for analysis. One sample

may be analyzed in 3 hr and 12 samples in 8 hr.

RELIABILITY

Variations in tungsten content between individual

mixed oxide and individual uranium dioxide pellets can be

(1] G. B. Nelson and G. R. Waterbury, USAEC Report
TID-7629 (1962), p. 62.

significant because tungsten is introduced as an impur-
ity from equipment in the pellet production process. For
this reason, the only pertinent reliability data available

(2]

are for within-pellet measurements. The relative
standard deviation for mixed oxide pellets containing 50
to 60 ug/g of tungsten was 1.3%, and at the 5 ug/g level
was 15%.

The precision of the analytical procedure, applied
to plutonium solutions containing known amounts of tung-
sten, was 7% relative standard deviation for 2.5 ug of
tungsten and 1% relative standard deviation for 60 ug of
tungsten in 1 g of mixed oxide. Bias in the method is
eliminated by calibration with sets of LASL-provided
blends and weekly verification of the calibration.

DISCUSSION OF THE METHOD

This method is based on the formation of a blue-
green complex between W(V) and dithio}, after reduction
of W(VI) with Ti(XlI) chloride. This complex is simul-
taneously formed and extracted into dithiol-pentyl ace-
tate reagent from 8.4M HCl. Prior to complex forma-
tion and extraction, the sample is fumed with sulfuric
acid to remove nitrate introduced during dissolution of
the sample that would oxidize the dithiol if allowed to
remain. Molybdenum, which also forms a green complex
with dithiol, is removed by a preliminary extraction prior
to the reduction of the tungsten. The absorbance of the
tungsten-dithiol complex in the pentyl acetate is mea-
sured to determine the weight of tungsten.

The determination of trace amounts of tungsten can
be accomplished with several colorimetric reagents. The
thiocyanate, hydroquinone, and dithiol spectrophotometric
(3]

methods are widely used. The dithiol reagent provides
the required sensitivity, selectivity, and simplicity.

Greenberg's method[4] for the determination of tungsten

2] J. E. Rein, R. K. Zeigler, and C. F. Metz, USAEC
Report LA-4407 (1970).

[3] E. B. Sandell, Colorimetric Determination of
Traces of Metals, 3rd ed., Interscience, New York,
(1959), pp. 195, 640-664, 883-899.

[4]P. Greenberg, Anal. Chem. 29, 896 (1957).
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and molybdenum in tantalum, titanium, and zirconium ap-
peared to be highly reliable and was adopted for evalua-

tion for application to uranium-plutonium samples.

To determine the effect of large amounts of plu-
tonium on the color complex, known amounts of tungsten
ranging from 11 to 120 ug were added to 5M HCI solu-
tions that contained 1 g of plutonium. The tungsten con-
centration then was determined by the procedure pre-
sented in this method. No bias in recovery was mea-
surable and the relative standard deviations of 3% at the
11 ug/g level and 1.4% at the 120 ug/g level were no
greater than those measured in the absence of plutonium.

Similarly, uranium did not affect the resuits.

Metals that carry through the entire procedure

and interfere are platinum and technetium which cause a

bias of 5% or greater when present in amounts of 100 ug/g.

Lead and palladium interfere at levels of 100 ug, and
aluminum, arsenic, chromium, cobalt, copper, hafnium,
iridium, mercury, niobium, rhenium, thallium, and
vanadium interfere at the 4000 ug/g level. These impur-
ities are not normally encountered at these high levels

in the fuel materials for which this method is intended.

Tungsten(V) reacts with dithiol in 8 to 11M HCl
to form a blue-green complex which is soluble in organic
solvents. The reactions involved when tungsten is ex-
tracted from warm, strong hydrochloric acid are ob-
scure, as there is some evidence that disproportionation

of the W(V) may occur. (3]

Molybdenum(VI) also forms a
green complex extractable by organic solvents. In ma-
terials containing both molybdenum and tungsten, their
separation is achieved by extracting the molybdenum-di-
thiol complex from 6M HCI prior to the redu ction of

tungsten to W(V). (1]

Under these conditions, the tung-
sten is not extracted. In Greenberg's procedure, titan-
ium metal sponge is added to the hydrochloric acid solu-
tion to reduce the tungsten. The use of a Ti(Ill) solution
in 12M HCI offers the advantage of adding in one step the
reductant and acid required for the extraction. The form-
ation of the color complex is complete in 20 min at 90°c.
This agrees with Greenberg's findings, although the con-

ditions are different. The molar absorptivity for the
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tungsten-—dithioi complex in pentyl acetate is 23,200 at
640 nm.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling the con-
centrated acids used in this method. As a minimum pre-
caution, rubber gloves should be worn. Hydrofluoric
acid is especially dangerous to the skin and will cause
slow-healing ulcerating sores. Consult your laboratory

safety manual for further information,
APPARATUS

Beakers, polyethylene, 25-ml.

Extraction vessel. Seal 2 Teflon stopcock to the bottom
of a 25- x 150-mm test tube.

Heater-stirrer. Cole-Parmer Micro V Model 4805, or
equivalent heater-stirrer, with an aluminum block drilled

with holes for 200-ml tall-form beakers.
Platinum dish, 30-ml.

Beckman Model DU, or equivalent,
with matched 1.00-cm cells.

Spectrophotometer.

Stirrer, electric, with glass-propeller stirring rod.

REAGENTS

Dithiol (3, 4-dimercaptotoluene). Eastern Chemical Corp.
$#042001, or equivalent. (Dithiol is supplied in sealed

glass ampoules. It is 2 yellow crystalline material when
pure.

discarded).

Ampoules containing any yellow liquid should be

Dithiol-pentyl acetate reagent. 1% dithiol in pentyl ace-
tate. Break an ampoule containing 1 g of dithiol under
100 ml of pentyl acetate and stir until dissolved. Store
at -5 to 0°C. Prepare a fresh batch each day it is to be
used. Some ampoules of dithiol may contain decomposed
reagent which will produce biased results. Therefore
test each freshly made solution by placing duplicate 1-ml
aliquots of the tungsten reference solution in two 200-ml

tall form beakers, adding 17 ml of 6M HCl to each, and




starting at step 15 under Sample Analysis,

Hydrochloric acid, 12M (37%), 8.4M, 6M.
Hydrofluoric acid, 28M (48%), 5.6M, 0.56M.

Nitric acid. 15.6M (70%).

Pentyl acetate. Redistill the pentyl acetate if it turns

yellow when dithiol is dissolved in it.

Potassium pyrosulfate (potassium bisulfate, fused powder).
Sodium tungstate dihydrate.

Sulfuric acid, 18M (96%), 1M.

Titanium (III) chloride salution. Place 450 ml of 12M HCl
into 2 500-ml volumetric flask. Pipet 10 ml of titanium
tetrachloride (TiCl N below the surface of the 12M HCl
and mix. Add 12 g of stannous chloride dihydrate (SnClz°
2H20) and mix until it dissolves. Dilute to volume with
12M HCl and mix. Do these operations in a well-venti-
lated hood. Prepare a fresh batch when the blue solution
starts to turn brown.

Tungsten reference solution, 100 ug/ml. Dissolve 100
mg of tungsten metal in 2 minimum quantity of 28M HF
containing a few drops of 15.6_1\_4_.HN03. Transfer {o a
100-ml polypropylene volumetric flask and dilute to the
mark with 0.56M HF.

PROCEDURE

Blank

Beginning at step 2 in the Sample Analysis sub-
section, process duplicate blanks on each analysis setup
at the beginning of any 8-hr working shift during which

samples are analyzed.

Calibration

Two sets of calibration blends are provided. One
set consists of five levels of WO3 in a mixed oxide matrix
for use with analysis setups for the tungsten determina-
tion in ceramic grade plutonium dioxide and in mixed ox-
ide pellets. The second set consists of five levels of WO3
in a uranium oxide matrix for use with apparatus setups

for the analysis of ceramic grade uranium dioxide and in-

sulator uranium dioxide pellets.

The initial calibration of each apparatus setup is carried
out in duplicate with these oalibration materials starting
at step 1 in the Sample Analysis subsection. Use least-

squares formulas t{o obtain the linear calibration equation
y=Ax+ B (1)

that best fits the calibration data. In this equationy is
the absorbance, x is the micrograms of tungsten, A is
the slope, and B is the intercept on the y axis; B should
be approximately 0. Prepare a quality control chart for

the values of A and B obtained for each analysis apparatus.

Once each week during periods that samples are analyzed,
verify the calibration by processing duplicates of an ap-
propriate calibration blend. Calculate the value A' = y/x
and plot it on the quality control chart for A. If an indi-
vidual value of A' disagrees at the .05 significance level
with the value of A determined from the complete calibra-
tion set, investigate the cause and correct the difficulty
before proceeding with the analysis of samples. Unless
some other oause is apparent, deterioration of the dithiol-

pentyl acetate reagent is a likely reason.

Sample Analysis

1. Place a weighed, whole, mixed oxide pellet or uran-
ium dioxide pellet or a weighed 1-g quantity of cera-
mic grade uranium dioxide or plutonium dioxide in a
mixture of 5to 10 ml of 15.6M_ HNOS, 0.5to 1 ml
of 28M HF, and 1 ml of 18]\LH2$O4 in 2 30-ml plat-
inum dish and heat until the acids simmer.

Do not boil the solution because loss by spattering
will occur. An infrared lamp is recommended.
If the solution looks clear, step 2 may be omitted.
2. When the volume has decreased to approximately 2 ml,
repeat the addition of 5 to 10 ml of 15.6M HNO3 plus
0.1to0 0.2 ml of 28M HF and heat until the solution

looks clear.

The tungsten may not dissolve completely even
though the solution looks clear. Steps 3 through 6
are intended to dissolve any tungsten-containing
residue.

3. Decant the supernatant solution into a clean beaker.
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1o.

11.

12.

13.

14.

15.
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Rinse the dish twice with 1 ml of water and transfer
each rinse to the beaker.

Add 0.5 g of potassium pyrosulfate to the dish and
fuse over a burner or in a furnace until SO3 fumes
are no longer evolved.
Be sure the dish is dry before adding the potassi-
um pyrosulfate. Tungsten converts to a soluble
sulfate salt.
After the dish cools, add approximately 5 ml of wa-
ter and heat for 5 min to dissolve the fused salt.
If dissolution is slow, 1 m! of 15.6M_ HNO3 may
be added.
Transfer the solution from the beaker to the dish with

the aid of at least three 1-ml rinses of water.

Evaporate the combined solutions to dryness and fume
until SO3 fumes are no longer evolved.
Nitrate is removed which otherwise would destroy
the dithiol.
Redissolve the residue in 2 minimum volume of 6M
HCl and transfer the solution to an extraction vessel.

Do not use more than 8 m! of 6M HCI.

Rinse the dish twice with 2-ml portions of 6M HCl

and add the rinses to the extraction vessel.

Adjust the volume in the extraction vessel to 12 ml
with 6M_HCI.

Add 5 m! of pentyl acetate plus 5 ml of 1% dithiol-
pentyl acetate and stir for 3 min with an electric
stirrer.

Molybdenum extracts into the pentyl acetate.

Separate the two liquid phases and drain the aqueous
layer into a 200-ml tall-form beaker.

Wash the organic phase twice with 2, 5-ml portions
of 6M HCl and add the acid washes to the beaker.
The washed organic phase may be discarded into
a collection bottle for plutonium-organic solvent
waste.
Add 25 ml of Ti(IlI) chloride solution plus 5 ml of wa-
ter to the beaker and mix.

The HCl concentration is now 8.4M. Ti(III) re-
duces W(VI) to W(V).

16, Place the beaker in the aluminum block of the heat-
er-stirrer preheated to 100°C and heat for 5 min.
The solution must be hot to ensure complete for-
mation of the tungsten-dithiol complex in the next
step.
17. Add 10 ml of 1% dithiol -pentyl acetate and stir the
mixture for 10 min while continuing to heat at 90°C.

Tungsten extracts into the dithiol-pentyl acetate.

18. Remove the beaker from the aluminum block and al-
low the mixture to cool to room temperature.

19. Transfer the mixture to an extraction vessel, rinse
the beaker with three 1-ml portions of pentyl ace-
tate, and add these rinses to the extraction vessel.

20. Allow the phases to separate, then drain the aqu-
eous phase into a plutonium residue bottle.
Between 5 and 8 min may be required for good
phase separation.

21. Wash the organic layer twice with 5-ml portions of
8.4M HCl, and add the washings to the residue
bottle.
Be sure to allow time for good phase separation
each time.
22. Drain the organic phase into a 25-ml graduated cy-
linder. Dilute to a volume of 15 ml with pentyl ace-

tate and mix well.

23. Transfer a portion of the pentyl acetate to a matched
1-cm Corex absorption cell and measure the absor-
bance at 640 nm using pentyl acetate as the reference

in a matched 1-cm cell.

Record the absorbance as y.

Calculatipns
Yy-B

R = ,
AW

in which

R = micrograms of tungsten per gram of sample,

y = absorbance of sample corrected for the blank absor-
bance,

A, B = constants determined from equation (1) in Calibra-
tion subsection,

W = weight of sample in grams.




DETERMINATION OF METAL IMPURITIES BY EMISSION

SPECTROSCOPY USING THE CARRIER-DISTILLATION
TECHNIQUE

SUMMARY

Twenty-five metallic impurity elements are de-
termined by the carrier-distillation technique using
gallium oxide and silver chloride as the carriers. The
concentration range covered is one-tenth or less to twice
the specification limit for each impurity. The standard
deviation is 20% or better when intensities are measured
microphotometrically with internal standards and about

50% when intensities are estimated visually.

APPLICABILITY
(1]

This method is applicable to ceramic grade
uranium dioxide, ceramic grade plutonium dioxide, ura-
nium dioxide insulator pellets, and uranium-plutonium
mixed oxide pellets. The impurity elements determined

and their concentration ranges are given in Table I.

Three or four analytical conditions are required
to determine all 25 impurities in each type of sample as

summarized in Table II.

The complete analysis of 12 samples, including a
series of five calibration blends, may be done by one

analyst working five 8-hr shifts.

RELIABILITY

The relative standard deviation is 20% or better
when an ﬁ\ternal standard is used and the line intensities
are measured with a microphotometer. The estimated
relative standard deviation for a visual comparison eval-
uation ig 50%. The use of microphotometry without an
internal standard gives intermediate precision.

Control of bias is maintained by processing a se-
ries of five calibration blends with each group of samples

and comparing the intensities of the spectral lines of the

(1] J. V. Pena, W. M. Myers, C. J. Martell, H. M.
Burnett, J. F. Murphy, C. B. Collier, O. R. Simi,
and R. T. Phelps, USAEC Reports LA-4546-MS,
(1970), pp. 26-28; LA-4595-MS (1971), p. 28.

TABLE I

METALLIC IMPURITIES DETERMINED AND THEIR
CONCENTRATION RANGES

Impurity Concentration Range,ug/g
Al, Fe, Na, Ni, V 25 {0 1000
Si, Ta 40to 800
Ca, Cr 25to 500
Cu, K, Ti, Zn 20 to 400
Ag, Mg, Mn, Mo, Pb 5to 200
Sn, W

cd 4to 40
B, Be 2to 40
Co 2to 20
Li l1to 20

samples to the corresponding lines of the calibration
blends. The calibration blends and their use are des-
cribed more fully below.

DISCUSSION OF THE METHOD

Spectrographic methods based on the carrier-
distillation techniquetz] are used routinely to determine
trace levels of impurities in uranium and plutonium ma-
terials. In this technique, the impurity elements are
separated from a refractory sample matrix by fractional
distillation in a de arc. The separation is obtained by
adding to the sample a selected volatile material which
serves as a carrier to sweep out the impurity elements,
and which also may aid the separation by furnishing
anions that form volatile compounds of the impurity ele-
ments. The latter role is illustrated by the greater de-
tection sensitivity obtained with silver chloride or sodium
fluoride carriers than with gallium oxide or indium oxide
carriers. The carrier also stabilizes the arc. Under
proper operating conditions, spectra of the impurity ele-
ments are obtained that are essentially free of interfer-

ence by the complex spectra of uranium and plutonium.

The carrier must be highly pure, produce simple

spectra, and be nonhygroscopic. Gallium oxide is a

(2] .B. F. Scribner and H. R. Mullin, J. Res. Bur.
Stand. 37, 979 (1946).
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TABLE I
SUMMARY OF THE ANALYTICAL CONDITIONS

Internal Electrode Arc Chamber Current, Plate
Material Analyzed Elements Determined Carrier Standard Charge, mg _Atmosphere A Emulsion
Ceramic Grade Ag, Al, B, Be, Ca, 4% Ga O3 Co 100 Air 12 SA-3
Uranium Dioxide cd, Cr, Cu, Fe, Mg, + 2.4?70 SA-1
and Uranium Di- Mn, Ni, Pb, Si, Sn, graphite
oxide Insulator Zn
Pellets
(al
K, Li, Na 4% Ga O3 100 Air 12 I-N
+ 2.4&; HIR-417
graphite
Co, Mo, Ta, Ti, 15% AgCl Pd 130 O2 7 SA-3
v, W
Ceramic Grade Ag, Al, B, Be, Ca, 4% Ga203 Co 100 O2 18 SA-1
Plutonium cd, Cr, Cu, Fe, Mg, SA-3
Dioxide Mn, Ni, Pb, Si, Sn,
Zn
(al -
K, Li, Na 49 Ga203 100 O2 10 I-N
Co, Mo, V, W 40% AgCl Pd 50 0, 7 103-0
Ta, Ti 15% AgCl Hf 120 O2 6 SA-1
Uranium-Plu- Ag, Al, B, Be, Ca, 6.4% Co 100 0, 18 SA-1
tonium Mixed cd, Cr, Cu, Fe, Mg, Ga203
Oxide Pellets Mn, Ni, Pb, Si, Sn,
Zn
[al
K, Li, Na 6.4% Ga203 100 O2 10 I-N
Co, Mo, V, W 40% AgCl Pd 50 O2 7 SA-3
Ta, Ti 15% AgCl Hf 120 O2 6 SA-3

[a] These three elements are determinable simultaneously with the elements listed above them with some

spectrographs.

satisfactory carrier for many common elements including
silver, but does not provide adequate detection sensitivity
for Co, Mo, Ta, Ti, and W. These elements are deter-
mined using silver chloride as the carrier. The contam-
ination of samples with silver is not a problem provided

that good housekeeping is practiced.

The carrier-distillation technique permits the
direct and simultaneous determination of many elements
by a simple procedure that avoids the complex dissolu-
tion and separation procedures necessary to remove
uranium and plutonium. It is, however, subject to var-

iability that relates to the history of the sample and to
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matrix differences between the calibration blends and
the sample. These differences are minimized by using
an internal standard element. This element added to
the samples and the calibration blends in equal concen-
tration reflects, by the magnitude of its intensity signal,
matrix conditions that may affect the line intensity of an
impurity element. The internal standard also serves to

compensate for variations in the arcing conditions.

In the carrier distillation technique, the selec-
tion of the internal standard element depends on the im-
purity elements to be determined and on the matrix com-

position. The internal standards used for the various



analytical conditions are given in Table II.

The arcing of samples in air excites cyanogen
molecules that emit complex band spectra which may
interfere with lines arising from the impurities Al, Ca,
Ti, and W. This interference is minimized in this

method by arcing the sample in an oxygen atmosphere.

Selecting the analytical conditions to analyze
the four materials listed in the APPLICABILITY sub-
section is based on consideration of sample prepara-
tion, reliability, and the effort required. Direct anal-
ysis of ceramic grade uranium dioxide is considered
unreliable because this material may undergo partial
oxidation to U308 on exposure to air and also may con-
tain moisture that is not readily removed by heating
without oxidizing the sample. These uncertainties are
minimized by igniting the sample to U308 and using
calibration blends having a USO8 matrix. The sin-
tered uranium dioxide fuel pellets also are ignited to
U308 so they may be analyzed by the same calibration

blends used for the ceramic grade uranium dioxide.

The ceramic grade plutonium dioxide is ignited
at 950 25°C as prescribed[ 3]prior to analysis be-
cause as a low-temperature prepared material it may
contain oxalate, nitrate, and moisture which could af-
fect the excitation of the impurity elements. The cali -
bration blends are prepared from pure plutonium di-

oxide which also has been heated at 950 = 25°C.

The uranium-plutonium mixed oxide pellets are
preparea for analysis by grinding them in a niobium car-
bide mortar and passing the powder through a 200-mesh
nylon screen. This simple procedure avoids the possi-
bility of adding or removing impurities by ignition or
chemical treatments that might be used to prepare the
sample. The calibration blends are prepared in a ma-

trix of similarly prepared mixed oxide powder.

The calibration blends and their use are very
important to the obtaining of accurate results in the

carrier distillation technique. These blends must simu-

(3] RDT Standard E13-1 "Fast Flux Test Facility
Ceramic Grade Plutonium Dicxide! (Qctober 1970).

late the sample, particularly with respect to matrix com-
position and bulk density. Hence, the mixed oxide sam-
ples are analyzed with calibration blends having a simi-
lar uranium to plutonium ratio. Bulk density depends on
particle size and particle-size distribution. Although no
attempt is made to measure these properties, the sample
and calibration blends are subjected to similar grinding
procedures and are packed similarly in the electrode
cups. The internal standard, as discussed previously,
can compensate for physical differences in the matrix.
Also important is the processing of a set of five cali-
bration blends simultaneously with samples to obtain
spectra which serve to compensate for uncontrollable

variables in the analysis.

Three series of LASL-prepared calibration
blends are to be used by all laboratories to minimize
between-laboratory differences. Each series consists of
five blends with graded levels of the 25 impurities cover-
ing the nominal range of 1/10 to twice the specification
limit for each impurity. The matrix materials of these
blends are (a) uranium oxide (USOS) to be used for sam-
ples of ceramic grade uranium dioxide and uranium di-
oxide insulator pellets after their ignition to U308’

(b) plutonium dioxide to be used for samples of ceramic
grade plutonium dioxide, and (c) uranium-plutonium
mixed oxide to be used for samples of uranium-plutonium
mixed oxide pellets. As stated in the guideline directions
to participating laboratories,[4]a complete series of five
blends is to be processed simultaneously with samples
such that every photographic plate or film contains 2
complete series that is used as the reference compari-
son for that plate or film. This like treatment of sam-
ples and calibration blends minimizes the variability
effects of such factors as sample preparation, arc exci-
tation conditions, and photographic film processing which

otherwise are the major sources of bias in the method.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS
Follow the regulations prescribed in the

[4] RDT Standard F2-6 "Qualification of Analytical
Chemistry Laboratories for FFTF Fuel Analysis "
(July 1970).
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manufacturer's manual for use of the de excitation source.
APPARATUS

Atmosphere chamber, made from borosilicate glass and
graphite (see Figure 1). '

Comparator, projection-type having a magnification of
at least 15X.

Crucibles, 10-ml, platinum, with covers.

Excitation source, 220 V dc, with a current range of

51020 A.

Funnel, plastic, 5/8-in. diam to fit on the cupped end of
a 1/4-in.-diam graphite electrode.

Microphotometer, capable of measuring line trans-
mittances between 5 and 95% with a repeatability of at

least + 1% transmittance.

Mixer-mill, for mixing more than 3 g of materials as in
preparing the carrier-internal standard mixtures.

Mortar and pestle, niobium carbide, 2-in.-diam bowl.

Mortars and pestles, boron carbide, titanium carbide,

or agate, 2-in.-diam bowls.
Packing tool, stainless steel (see Figure 2).

Photographic processing equipment, providing a develop-
ment temperature of 20 + 0. 5°C.

Sample mixer, dental amalgamator type which uses a
1-in.~-long x 1/2-in.-diam plastic vial.

Screen, nylon cloth, 200-mesh, Spex Industries, Inc.,
Metuchen, N.J., or equivalent.

Spectrograph, with not less than 90, 000 resolving power
and not more than 5 I\/mm reciprocal linear dispersion
for the spectral region 2200 to 8000 L. In some of the
procedures, a reciprocal linear dispersion of about

2.5 &/mm is needed.
Spoon, micro, platinum.
Venting tools, stainless steel and titanium (see Figure 3).

Vials, plastic, 1-in. x 1/2-in. diam, and 2-in. x 7/8-in.

diam,

Weighing dish, platinum.
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REAGENTS AND MATERIALS

Calibration blends. These blends contain the 25 impurity

elements in a matrix of either U308’ Pu02, or uranium-

Designation Sample

TABLE III

Contents

plutonium mixed oxide. They have been prepared at LASL

wA
by blending weighed, finely ground mixtures of the im- A
purity-element compounds, chiefly as oxides, with the

matrices as fine powders. A set of five blends is supplied

for each matrix material in which the impurity element
concentrations range from one-tenth of the specification

limit to twice the value. Additional blends to include
other concentrations of the impurity elements are pre- "RY
pared from the supplied blends and the appropriate ma-

trix material.
Carrier-internal standard mixtures (see Table III).

Cobalt oxide (00304), 99.95% purity.
'IC "
Electrodes, graphite, AGKSP grade or equivalent.

Upper: 1-1/2 in. x 1/8-in. diam, one end pointed
(ASTM Designation: F.130-66, type C-1).
1-1/2 in. x 1/4-in. diam with undercut cup
1/16-in. deep x 3/16-in. diam. (ASTM
Designation: E130-66, type S-4).

Anode cup 1/4-in. diam (ASTM Designation:
E130-66, type S-2 used on type S-1 pedestal),

Lower:

or 1-3/16 in. x 1/4-in. diam with cup 8-mm

deep x 4-mm diam.

'XDII
Gallium oxide (Ga203), 99. 99% purity.

Graphite powder, 200-mesh, high-purity, National Car-
bon Co. No. SP-2 or equivalent.

Hafnium dioxide, with less than 1% of zirconium and 0.2%

total specification elements.

Matrix materials, 99.98% pure with respect to the 25
specification impurity elements, supplied by LASL.
Uranium oxide (U308)
Plutonium dioxide

Uranium dioxide-plutonium dioxide powder. "E"

Palladium chloride, 99.9% purity.

Photographic plates or films. Eastman Kodak Co. types
SA-1, SA-3, 103-0, I-N, and HIR-417.
Silver chloride, 99.99% purity.

uranium

. 23
dioxide 0030 "

plutc?mum GazOs-CosO4
dioxide

and uranium-

plutonium

mixed oxide

uranium AgCl-PdClz-
dioxide U308

Ga, O, -graphite-

plutonium AgCl-PdClZ-

dioxide PuO2

uranium- AgCl-PdCl
plutonium (U, Pu)O2
mixed
oxide

2

CARRIER-INTERNAL STANDARD MIXTURES

Preparation

Grind together
52. 8 mg of
Co,O,, 3.73 g
SP-2 graphite,
and 6.22 g of
Ga, O, in a nio-
bium carbide
or titanium car-
bide mortar.

Grind together
86.4 mg

Co,O, and 5.92
g (?a 403 in a
niobfum carbide
or titanium car-
bide mortar.

Grind together
33.7 mg of
PdCl,_ and 8. 00

g of pure U308

in a boron car-
bide or agate
mortar. To
6.64 g of this
mixture in a
plastic vial,
add 5.86 g of
AgCl and mix
using a mixer
mill.

Grind together
25.1 mg of

PdcCl, and 6. 00
g of pure PuO2

in a boron car-
bide or agate
mortar. To
5.00 g of this
mixture in a
plastic vial,
add 10.7 g of
AgCl and mix
using 2 mixer
mill.

Same ag ''D"
except use
pure (U,Pu)O
in place of the

Pu02.
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TABLE I
CARRIER-INTERNAL STANDARD MIXTURES (Cont.)

Designation Sample Contents

Preparation

npn plutonium AgCl-HfOz-

dioxide PuO2

Grind together
47.4 mg of HfO2
and 8.00 g of
pure PuQ,_ in a
boron carbide
mortar. To 6. 00
g of the mixture,
add 5.33 g of
AgCl and mix in
a plastic vial us-
ing the mixer
mill.

Same as "F'' ug-
ing pure (U ,Pu)Oz
in place of the

PuO2 .

"G" uranium-
plutonium
mixed

oxide

AgCl-HfO,_-
(U,Pu)o,

PROCEDURE
Blank

Blanks are not required for this method.

Calibration

Process a set of five appropriate calibration
blends through the procedures listed under Sample Anal-
ysis , omitting the Preparation of Samples for Spectro-

graphic Analysis steps. Single exposures of a set of five
blends are made on every photographic plate. In setting
up a procedure, the calibration blends are processed and
evaluated at least four times to furnish data for construct-
ing the analytical calibration curves and estimating the
repeatability of the operations.

Sample Analysis

Preparation of Samples for Spectrographic Analysis

Samples are ignited under controlled furnace con-
ditions in an air atmosphere. Test the ignition procedure
for contamination by using pure U308 or ]PuO2 as the sam-
ple. The grinding is done in a niobium carbide mortar
or other mortars that do not contaminate the sample with
specification elements. The grinding should yield a

fine powder that readily passes through a 200-mesh
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nylon screen or does not feel gritty in the mortar.

1. Prepare the samples for analysis as follows.

Uranium Dioxide. Ignite an insulator pellet or 1 g of
ceramic grade powder in a covered platinum crucible
at 800°C for 1 hr. Grind to a fine powder.

Plutonjum Dioxide. Ignite 1 g of the ceramic grade

powder in a covered platinum crucible at 9500 * 25°C
for 30 min. Grind to a fine powder.

The ignition may be omitted if previously done as
specified in RDT Standard E13-1.

Uranium-plutonium mixed oxide pellets. Grind a

pellet until all of it is screened through a 200-mesh
nylon cloth.

2. Transfer the sample to a properly labeled vial. Use
as directed in Parts A through D below.

Part A. Determination of Ag, Al, B, Be, Ca, Cd, Cr,
Cu, Fe, K, Li, Mg, Mn, Na, Ni, Pb, Si, Sn, and Zn in

Uranium Dioxide, Plutonium Dioxide, and Uranium-pPlu-

tonium Mixed Oxide .

Electrode Charge

1. USOS (ignited uranium dioxide). Weigh 18.0

mg of Ga20 carrier-graphite-internal stan-

3
dard mixture "A' in the weighing dish and add

258 mg of the ignited sample.

The graphite is included to aid mixing the
sample in the plastic vial and to enhance
the Al, Ca, and Si spectra.

Plutonium dioxide. Weigh 10.0 mg of Ga203

carrier-internal standard mixture "B'' in the
weighing dish and add 240 mg of the sample.

The graphite is omitted because it would
enhance the plutonium spectrum.

Uranium-plutonium mixed oxide. Weigh 16.0

mg of Ga203 carrier-internal standard mix-
ture "B" in the weighing dish and add 234 mg
of the sample.

2. Transfer the weighed mixture to a plastic

vial and cap it.

The vial size is 1-in. x 1/2-in. diam.

3. Shake the vial for 30 sec using the sample

mixer.



Weigh a 100-mg portion of the mixture, using
the weighing dish.

Weigh an additional 100-mg portion for the
determination of K, Li, and Na if their
spectra are not recorded simultaneously
with the ultraviolet spectra.

Save the remainder of the mixture in case

further analysis is needed.

Transfer the 100-mg portion to the cup of a
graphite electrode, using the plastic funnel.
The electrode is ASTM type S-2.

Gently tap the lower end of the loaded elec -
trode to level the charge.

Excessive tapping may compress the
charge so that step 8 is not properly done.

Pack and vent the charge using the titanium
venting tool.

This tool should pack the charge to a con-
stant volume while forming the vent hole.

E lectrode System

1.

Place the atmosphere chamber in position in
the arc stand.

For the analysis of U_,O_(ignited uranium
dioxide), the atmosphere chamber and the
use of oxygen may be omitted.

Flow oxygen through the chamber at the rate
of 5 1./min.
Place an electrode in the upper clamp of the
arc stand.
The electrode is ASTM type C-1. Itis
held by friction in a graphite sleeve.
Mount the loaded electrode in the lower clamp
of the stand.
This electrode is connected to the positive
terminal of the power source.
Position and align the electrodes with a gap of
4 mm.

This is done by observing the electrode
images on the graduated screen of the
auxiliary optical system.

Excitation Conditions

Produce the spectra under the following conditions:

1.

Adjust the current from the arc power source
to 12 A for the analysis of U308 and to 18 A
for plutonium dioxide or uranium-plutonium
mixed oxide on short-circuit using empty

electrodes.

Arc the empty electrodes for 3 min to preheat
the electrode clamps and the chamber.

After the preheating, the chamber temper-
ature does not vary significantly from
arcing-to-arcing.
Arc the sample and maintain the 4-mm gap by
adjusting the clamps.

Exposure Conditions

1.

Adjust the spectrograph to record spectra in
the wavelength ranges of 2200 to 4500 A and
5500 to 8500 X,

Select either type SA-1 or SA-3 photographic
emulgion for the lower wavelength range, and
either type I-N or HIR-417 for the upper

range.
Set the slit width to 15 u.

Use the following exposure times: 90 sec for

U308’

sec for uranium-plutonium mixed oxide.

60 sec for plutonium dioxide, and 55

Use a filter or a rotating sector in front of the
spectrograph slit to control the exposure level.

A two-step filter is useful for controlling
the exposure range.

Use Corning C.S. No. 3-72 glass filters to
absorb the second order uitraviolet which
interferes with the K, Li, and Na lines re-

corded in the upper wavelength region.

Part B. Determination of Co, Mo, Ta, Ti, V. and W

in Uranium Dioxide.

Electrode Charge

1.

Weigh 96. 0 mg of the silver chloride-internal
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standard mixture ""C" in the weighing dish.

2. Add 204 mg of the sample to the weighing dish.

3. Transfer the weighed mixture to a plastic
vial and cap it.

"The vial size is 1-in. x 1/2~in. diam.

4. Shake the vial for 30 sec using the sample

mixer,

5. Weigh a 130-mg portion of the mixture, using
the weighing dish.
Save the remainder of the mixture in case
further analysis is needed.
6. Transfer the weighed portion to the cup of a2
graphite electrode, using the plastic funnel.
The electrode is8 ASTM type S-2.

7. Gently tap the lower end of the loaded elec-
trode to level the charge.

Excessive tapping may compress the

charge so that step 8 is not properly done.

8. Pack and vent the charge using the stainless
steel venting tool.

Electrode System

Use the system of Part A Procedure.

Excitation Conditions

Follow the steps in Part A Procedure using a

current of 7 A.

Exposure Conditions

1. Adjust the spectrograph to record spectra in
wavelength range of 2200 to 4500 L

2. Use the SA-3 photographic emulsion.
3. Set the slit width to 15 u.

4, Use an exposure time of 60 sec.
A preexposure arcing time of 10 sec pre-
cedes the exposure.
5. Use a filter or rotating sector in front of the
slit to control the exposure level.

A two-step filter is useful for controlling
the exposure range.

Part C. Determination of Co, Mo, V, and W in Pluton-

ium Dioxide and Uranium-Plutonium Mixed Oxide.

Electrode Charge
1. Weigh 78.0 mg of the silver chloride-internal

standard mixture in the weighing dish.

Use mixture "D" for plutonium dioxide
samples and mixture "E'" for uranium-
plutonium mixed oxide samples.

2. Add 53.0 mg of the sample to the weighing
dish.

3. Transfer the weighed mixture to a plastic
vial and cap it.

The vial size is 1-in. x 1/2-in. diam.

4. Shake the vial for 30 sec using the sample

mixer.

5. Weigh a 50-mg portion, using the weighing
dish.

Save the remainder of the mixture in case
further analysis is needed.

6. Transfer the weighed portion to the cup of a
graphite electrode, using the plastic funnel.
The electrode is ASTM type S-4.

7. Pack the charge with the packing tool.

This size charge does not require venting.

Electrode System

Use the system of Part A Procedure.

Excitation Conditions

Follow the steps in Part A Procedure using 2
current of 7 A.

Exposure Conditions

1. Adjust the spectrograph to record spectra in
the wavelength range of 2200 to 4500 L

2. Use either type 103-0O or SA-3 photographic

emulsion.

3. Set the slit width to 15 u.

4. Use an exposure time of 30 sec,




5. Use a filter or rotating sector in front of the

slit to control the exposure level,

A two-step filter is useful for controlling
the exposure range.

Part D. Determination of Ta and Ti in Plutonium Dioxide

and Uranium-Plutonium Mixed Oxide.

Electrode Charge

1.

Weigh 96. 0 mg of the silver chloride-internal
standard mixture in the weighing dish.

Use mixture "F'* for plutonium dioxide
samples and mixture "G'' for mixed
oxide samples.

Add 204 mg of the sample to the weighing dish.

Transfer the weighed mixture to a plastic vial
and cap it.

The vial size is 1-in. x 1/2-in. diam.

Shake the vial for 30 sec using the sample

mixer.

Weigh 2 120-mg portion of the mixture, using
the weighing dish.
Save the remainder of the mixture in case
further analysis is needed.
Transfer the weighed portion to the cup of a
graphite electrode, using the plastic funnel.
The electrode is ASTM type S-2.

Gently tap the lower end of the loaded elec-
trode to level the charge.
Excessive tapping may compress the
charge so that step 8 is not properly done.
Pack and vent the charge using the stainless

steel venting tool.

Electrode System

Use the system of Part A Procedure.

Excitation Conditions

Produce the spectra according to the following

conditions.

1.

Adjust the current from the arc power source

to 6 A on short-circuit using empty electrodes.

Arc the empty electrodes for 3 min to preheat
the electrode clamps and the chamber.

Arc the sample and maintain the 4-mm gap by
adjusting the clamps.

Exposure Conditions

1.

Adjust the spectrograph to record spectra in
the wavelength range of 2200 to 4500 L

Use the following photographic emulsions: SA-1
for plutonium dioxide and SA-3 for uranium-

plutonium mixed oxide samples.
Set the slit width to 15 u.

Use an exposure time of 60 sec.
For uranjium-plutonium mixed oxide sam-
ples, use a preexposure arcing time of
30 sec.

Use a filter or rotating sector in front of the

slit to control the exposure level.

A two-step filter is useful for controlling
the exposure range.

Photographic Processing for Parts A, B, C, and D.

1.

4.

5.

Develop the plate for 5 min in Kodak D-19
at 20°C.

Place in acetic acid shortstop bath for 15 sec.
Fix in a rapid fix for 5 min.
Wash in running water for 10 min.

Sponge and dry.

Microphotometry

1.

Measure the percent transmittance, or opti-
cal density, of the analytical and internal

standard lines listed in Tables IV, V, or VI
in the spectrograms of the calibration blends

and the samples.

Measure, also, the percent transmittance of

the background associated with the lines.

Calibration

Emulgion. Calibrate the photographic emulsions
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by the Two-Step Preliminary Curve Method. 5]

Analytical Curves

1.

Convert the percent transmittances of the lines
measured for the calibration blends to inten-

sities, using the emulsion calibration data.

Correct the line intensities for the background
intensities.

The correction may be omitted if it has
been shown to have negliglble effect on
the concentration result.

Calculate the intensity ratios of the line pairs

listed in Table IV, V, or VI

Plot intensity ratio vs concentration (ug/g)
on log-log paper to obtain the analytical curve

for each element.

Plot corrected line intensity vs concentration
(ug/g) on log-log paper to obtain the analyti-
cal curve for each element determined with-

out use of an internal standard.

Calculations

Microphotometry with an Internal Standard

1.

Convert the transmittances measured for the
line pairs of the sample to intensities, using

the emulsion calibration data.

Correct the line intensities for background
intensities.

Calculate the intensity ratios of the line pairs.

Convert the intensity ratios to concentration
(ug/g) by reference to the appropriate analyti-

cal curve.

Microphotometry without an Internal Standard

1.

Convert the transmittances measured for the
analytical lines of the sample to intensities,
using the emulsion calibration data.

[5] "Recommended Practices for Photographic Photo-
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metry in Speetirochemical Analysis,'" ASTM Methods
for Emission Spectrochemical Analysis, American
Society for Testing Materials (1968).

TABLE IV

ANALYTICAL LINES FOR ANALYSIS OF UO2

Element Internal
Element Concn Range, pg/¢ Line, I  Standard, }

Ag 5 to 100 3280. 68
5 to 200 3382.89

Al 25 to 500 3082.16 Co 3044.00

100 to 1000 2575.10 Co 2521.386

B 1to0 40 2497.73 Co 2521.36
Be 1 to 40 2348.61
Ca 15 to 500 4226.73
Ccd 2 to 40 2288.02
Co 2 to20 3506.32

Cr 15 to 500 2835.63 Co 3044.00

Cu 10 to 400 3273.96 Co 3v044.00

Fe 25 to 1000 2522.85 Co 2521.36
K 10 to 400 7698.98
Li 1 to 20 6707. 84
Mg 5 to 50 2852.13
5 to 100 2802.70
20 to 200 2782.97

Mn 510 200 2576.10 Co 2521.36
Mo 5 to 200 3170.35
Na 25 to 250 5895.92
250 to 1000 8183.27

Ni 25 to 1000 3002.49 Co 3044.00
Pb 5to 200 2833. 06

Si 20 to 800 2514.32 Co 2521.36

20 to 800 2519.21 Co 2521.36
Sn 5 to 200 3175.05

Ta 20 to 800 2647.47 Pd 2476.42

20 to 800 2653.27 Pd 2476.42

20 to 800 2714.67 Pd 2476.42

Ti 10 to0 400 3199.92 Pd 3302. 13

20 to 400 3329.46 Pd 3302.13
v 25 to 1000 3056. 33
25 to 1000 3118. 38

w 5 to 200 2946.98 Pd 3302.13
Zn 10 to 400 3302.59
40 to 400 3282.33



ANALYTICAL LINES FOR ANALYSIS OF Pu02

Element Concn Range, ug/g

TABLE V

Ag
Al

Ca

cd

Fe

Li
Mg

Na

Ni

Pb

Si

Sn

510 200
25 to 500
25 to 1000

1t020

4t0 40

1{0 40

1 to 40
10 to 400
10 to 400
10 to 40
10 to 40

4 t0 40

2to 20

2 to 20
10 to 400
10 to 400
10 to 400
25 to 500
50 to 1000
10 to 400
20 to 400

0.5 to 20

5 to 100

5 to 200

510 20

5 to 50

5 to 200
25 to 250

100 to 1000
25 to 1000
25 to 500

5 to 100
10 to 200
20 to 400
40 to 800

5to 200
20 to 200

TABLE V
ANALYTICAL LINES FOR ANALYSIS OF PuO2 (Cont.)

] Element Internal
Element  Internal Element Concn Range, pg/g Line, A Standard, &
Line, X standard, 1

Ta ) 40 to 800 2647.47 Hf 2638.71
3280, 68 ) 40 to 800 2714.67 Hf 2638.71
3961.53 ?0 2535.96 Ti 10 to 400 3234.52 Hf 2638.71
8092.71 Co 2535.96 10 to 400 3340.41 Hf 2638.71
2497.73 v 25 to 750 3183.41 Pd 3027.91
2496.78 25 to 1000 3185.40 Pd 3027.91
3130. 42 100 to 1000 3118.38 Pd 3027.91
3131.07 w 20 to 200 2724.35 Pd 3027.91

‘ 3933. 67 20 to 200 2944.40 Pd 3027.91
3968. 47 20 to 200 2946.98 Pd 3027.91
3261. 06 Zn 10 to 400 3345.02
3466. 20
2288. 02
3405.12 Pd 3027.91 2. Correct the line intensities for background
3453.50 Pd 3027.91 intensities.

3021,56 Co 2535.96 3. Convert the corrected line intensities o con-
3247.5¢ centration (ug/g) by reference to the appro-
3273. 96 priate analytical curve.

2483.27 Co 2535.96

2490.64 Co 2535. 96 The steps above, beginning with step 1 under
1664.91 Caljbration, can be readily done by a px['o:;dure
1698. 98 programmed for computer calculation.

6707. 84 Visual Comparison

2852.13 Place the plate or film containing the spectro-
2802.70 grams of the sample and the calibration blends
2576.10  Co 2535.96 in the comparator. Align the plate with a master
2593.73 Co 2535.96 plate which identifies the analytical lines (Table
3193.97 Pd 3027.91 IV, V, or VI).

5889.95 Visually compare the blackening of the lines pro-
8183.27 duced by the sample with the blackening shown by
3003.63 Co 2535.96 the corresponding lines of the calibration blends.
3002.49 Co 2535. 96 Report the concentration value obtained from the
4057.83 comparison.

2801.99

2516.11 Co 2535.96

2514.32  Co 2535.96 (61 J. R. Phillips, J. F. Murphy, and C. J. Martell,
2839. 99 ‘ "Computer-Calculations in Spectrochemical Ana-
3262. 34 lysis, ' CONF-691037-1 (October 10, 1969).
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TABLE VI

ANALYTICAL LINES FOR ANALYSIS OF URANIUM-
PLUTONIUM MIXED OXIDE

TABLE VI
ANALYTICAL LINES FOR ANALYSIS OF URANIUM-

Element Internal PLUTONIUM MIXED OXIDE (Cont.)
Element Concn Range, pug/g  Line, } Standard, A Element Internal
Ag 5 t0 200 3280.68 Element Concn Range, zg/g Line, L - standard, A
510 200 3382.89 w 10 to 200 2946.98 Pd 3027.91
Al 25 to 500 3082.16 Co 2535.96 Zn 20 to 400 3345. 02
100 to 1000 2575.10 Co 2535.96 100 to 400 3282.33
B 1to 40 2497.73 Co 2535.96
Be 1 to 40 3131.07 Co 2535.96
Ca 25 to 500 3968.47
25 to 500 4226,73
cd 41t0 40 3261. 06
10 to 40 3466. 20
4 to 40 2288, 02
Co 21020 3405.12 Pd 3027.91
Cr 25 to 500 2843.25 Co 2535.96
Cu 10 to 100 3273.96
100 to 400 2824.37
Fe 25 t0 1000 2483.27 Co 2535.96
K 10 to 400 7698.98
Li 0.5 to 20 6707, 84
Mg 510 50 2795.53 Co 2535.96
10 to 200 2782,97
Mn 5 to 200 2576.10 Co 2535.986
Mo 5 to 100 3158.16 Pd 3027.91
10 t0 200 3208.83 Pd 3027.91
Na 25 to 250 5895. 92
100 to 1000 8183.27
Ni 25 to 1000 3002.49 Co 2535.96
50 to 1000 3003.63 Co 2535.96
Pb 510 200 2833.06
Si 20 to 800 2519.21 Co 2535.96
Sn 510 200 3175.05
510200 3262, 34
Ta 40 to 800 2647.47 Hf 2638.71
40 to 800 2653.27 Hf 2638.71
Ti 10 to 400 3349.41 Hf 2940.77
40 to 400 3236.57 Hf 2940.77
\% 50 to 1000 3118.38 Pd 3027.91
25 to 500 3183.41 Pd3027.91
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DETERMINATION OF DYSPROSIUM, EUROPIUM,
GADOLINIUM, AND SAMARIUM BY EMISSION
SPECTROSCOPY FOLLOWING AN AMINE EXTRACTION
SEPARATION

SUMMARY

Dysprosium, europium, gadolinium, and samarium
are determined by the copper spark emission spectro-
graphic technique after separation of the uranjium and plu-
tonium by extraction into tri-n-octylamine in xylene. The
relative standard deviation is 15% or better for the con-
centration range of 10 to 200 ug of each rare earth per

gram of sample.

APPLICABILITY
(1]

This method is applicable to the determination
of dysprosium, europium, gadolinium, and samarium in
ceramic grade uranium dioxide, ceramic grade plutonium
dioxide, uranium-plutonium oxide fuel pellets, and uran-
ium dioxide insulator pellets. The concentration range
covered is 10 to 200 ug/g for each rare earth to meet the
requirements of adequate detection sensitivity and cover-
age of the specification value of 100 ug/g for the sum of
these four rare-earth impurities. Americium and other
impurity elements do not interfere at their stated speci-

fication limits.

The analysis of 12 samples and five calibration
blends may be done by one analyst working three 8-hr
shifts.

RELIABILITY

The precision was evaluated by analyzing sam-
ples of uranium dioxide, plutonium dioxide, and uranium-
plutonium mixed oxide to which known quantities of the
four rare earth elements and other specification metal
impurities had been added. The relative standard de-
viation was 15% or better over the concentration range
of 10 to 200 ug/g for each rare earth. The method is
calibrated using the series of LASL-prepared blends to
minimize bias between laboratories.

(1] H. M. Burnett and O. R. Simi, USAEC Reports LA-
4546-MS (1970), p. 23-24; LA-4595-MS (1970), p. 27.

DISCUSSION OF THE METHOD

Spectrographic methods for the determination of
trace levels of rare earths usually include an initial sep-
aration of uranium and plutonium when they are present
as major components of the sample. Separation techni-

(2] fluoride
[5,6] Ko[sl

ques frequently used include ion exchange,

[3,4]

precipitation, and solvent extraction.
reported that two contacts with tri-n-octylamine (TNOA)
in xylene extract more than 99.9% of plutonium from 6M
HNOS. Later he proposed a method[7] in which both the
uranium and plutonium are separated by two contacts with
TNOA-xylene from 6M HCI - 1. 5M HNO, - 0.005M HF
and the unextracted rare earths in the aqueous phase are
determined by the copper spark technique. This latter
method, proposed for FFTF fuel materials, consisted of
(1) the dissolution of the sample in a nitric acid-hydro-
fluoric acid mixture, (2) addition of 6.7M HCl, yttrium
internal standard, and boric acid to complex fluoride,

(3) a double extraction of the uranium and plutonium into
20% TNOA-80% xylene, (4) evaporation of ﬁ1e aqueous
phase and redissolution in 1M HCl, and (5) copper spark

excitation in an air atmosphere.

(1] in detail for the

analysis of the four FFTF fuel materials including the

Ko's method was evaluated

effect of americium and all the metallic impurity ele-
ments at their stated specification limits. Several modi-
fications were found to be necessary to permit reliable
rare-earth determinations in FFTF fuel materials con-
taining impurities at their specification limits. A third

contact with 20% TNOA -xylene was added to increase the

2] J. K. Brody, J. P. Faris, and R. F. Buchanan,
Anal. Chem. 30, 1909 (1958).

{31 M. E. smith, USAEC Report LA-1995 (1956).

4] G. W. Boyes, Jr., J. B. Ramsay, and R. T. Phels,
Talanta 6, 209 (1960).

[6] R. Ko, paper presented at American Chemical Soc-
iety Northwest Regional Meeting, Salt Lake City,
Utah, June 12-13, 1969.

[6] M. G. Atwell, C. E. Pepper, and G. L. Stuken-
brocker, USAEC Report TID-7658, Pt. 1 (1958).

(7] R. Ko, Method 20.9, USAEC Report WHAN-IR-5
(August 1970).
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extraction of uranium and plutonium to prevent their MICARTA
spectral interference. Steps were added to remove
residual boron and organic matter which decreased the
spectral intensity of the rare earths. The boron was
volatilized as methyl borate, and the organic matter
was destroyed by igniting the evaporated aqueous phase
from the third extraction at 400°C. The 25 general

WINDOW

metal impurities (total specification limit of about
5400 ug/g of sample, see INTRODUCTION to this 095-cm HOLES
report) generally do not extract. Their presence on

the electrodes seriously suppressed the rare-earth spec-
tra and also adversely affected the precision. The sub-
stitution of argon for air as the spark excitation atmos-
phere increased the intensity of the rare-earth spectra
and improved the precision. Americium at the specifi-
cation limit of about 2400 ug/g of plutonium did not sig-
nificantly affect either the rare-earth spectral intensity

or the precision.

The use of yttrium as an internal standard is es-

sential to compensate for the variable effects on the rare
earth spectral intensities caused by sample-to-sample
and sample-to-calibration blend differences in the

impurity elements and their concentrations. Figure 1. Atmosphere chamber.

At the completion of the dissolution of the sample

or calibration blend, small amounts of insoluble residue Electrode-drying apparatus. See Figure 2.

may remain. These residues have been found to contain Electrode block, copper, 4-in. diam, 12 holes.

Be, Cr, Si, Sn, Ta, Ti, and W. The quantities of rare Electrode holder, wood, 24 holes.

Hot plate, electric, 4-in. diam.

earths in these residues has been found to be insigni-

ficant.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Follow the regulations prescribed in the manu-
facturer's manual for use of the high-voltage spark

source.

APPARATUS

Atmosphere chamber, made from borosilicate glass,

phenolic board, and metal. See Figure 1.

Crucibles, 10-ml, machined from 1-in. diam Teflon rod

1-3/16-in. high x 1-1/16-in. deep inside, 1/8-in. wall,

with covers. Figure 2. Evaporating apparatus and electrode-drying
apparatus.
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Evaporating apparatus. See Figures 2 and 3.
Chamber, borosilicate glass, connected to water
aspirator.
Heater, stainless steel reflector and Nichrome
elements.
Controller, Brown Electronik, to regulate power to
heater.
Equivalent arrangements to control temperature and

to exhaust acid fumes may be used.

Excitation source, spark, 5-kW, Jarrel-Ash Vari-

source, or equivalent.

Magnetic stirrer, 5-in. diam. See Figure 3.
Protective holder, Lucite.

Stirring bar, Teflon-covered, 3/4- or 1-in.

Microphotometer, capable of measuring line transmit-
tances bet ween 5 and 95% with a repeatability of at least

+ 1% absolute.

Photographic processor, capable of providing a develop-

ment temperature of 20° + 0. 5°C.
Pipets, plastic-disposable, graduated, 1-ml.
Recovery bottles, 1-1., vacuum-tested. See Figure 3.

Spectrograph, with not less than 90,000 resolving power
and not more than sﬁ/mm reciprocal linear dispersion

for the spectral region 2200 to 50004,

Figure 3. Miscellaneous equipment.

REAGENTS AND MATERIALS

Boric acid, crystals.

Calibration blends. LASL-prepared blends containing
known concentrations of 29 metallic impurity elements

in matrices of uranium oxide, plutonium oxide, and uran-
ium-plutonium mixed oxide. For each matrix, a set of
five blends is available in which nominal concentrations of
the four rare earths are 10, 20, 50, 100, and 200 ug/g,
respectively, and the concentrations of the other 25
metallic impurities range from one-tenth, or less, to

twice the specification limit.

Electrodes, electrolytic copper rod, 1.5-in. long x
1/4-in. diam. Prepare a smooth top surface by stroking
the end of the electrode with 600-grit abrasive paper.
Immerse about 1/4-in. of this end of the electrode in 8M
HNO3 for 15 to 30 sec. Rinse thoroughly with distilled
water and blot dry with cleaning tissue or cheesecloth.
By using a wood block holding 24 electrodes, this is a

simple batch operation.

Hydrochloric acid, 6.7M, 1M.

Methyl alcohol, 100%.

Mixed acid, 15.6M HNO3 - 0.05M HF, for sample
dissolution.

Nitric acid, 15.6M (70%), 8M.

Perchloric acid, 12M (70%).

Photographic plate, Eastman Kodak Co. type SA-3.

Tri-n-octylamine in xylene, 20 vol %. Dilute 200 ml of
tri-n-octylamine to 1000 m! with xylene. The tri-n-
octylamine may be obtained from Chemical Procurement

Laboratories, Inc., College Point, N.Y.
Xylene

Yttrium oxide (Y,0,), 99. 9% purity, ignite to 900°C just

before use to remove carbon dioxide and water.

Yttrium stock solutions. Prepare each of the following
solutions and store in polyethylene bottles.
1 mg/ml Dissolve 0. 1270 g Y,0, in 100 ml of

6.7M HCl.
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0.1 mg/ml Dilute 10.0 ml of the above solution to
100 ml with 6.7M HCl.

Yttrium internal standard solution, 0.008 mg/ml. Di-
lute 8.00 ml of the 0.1 mg/ml solution to 100 ml with
6.7M HCI and store in a polyethylene bottle.

PROCEDURE
Blank

Determine a single blank with each series of sam-
ples starting at step 1, omitting the sample, in the Sam-
ple Analysis subsection, The measured concentrations
of each of the four rare earths in the blank shall be not
greater than the equivalent of 12.5 ug/g of sample. If
any concentration is greater, investigate the cause, and
rectify the difficulty before analyzing further samples.

A likely source of difficulty is contamination of reagents.

Calibration

One spectrum of each of five blends in a calibra-
tion set with the same matrix as the samples and pro-
cessed through the entire Sample Analysis subsection is
placed on each spectrographic plate. These calibration
spectra are used as the comparison basis to calculate re-
sults for the sample spectra on this same plate. In the
procedure, a 1-ml volume of solution is the end product
of the chemical separation (step 17 in the Sample Analy-
sis_subsection) of which 50 ul is placed on a pair of elec-
trodes for the spectrographic analysis. By storing the
final solutions obtained for the calibration blends under
conditions that prevent concentration changes by evapora-
tion or contamination, one processing gives 10 to 20

measurements.

The linear fit of the calibration curve for each
rare earth for each plate should be such that the average
deviation from the linear fit does not exceed + 15% rela-
tive. If this criterion is not satisfied and the total rare
earth concentration for a sample exceeds 50 ug/g, such

samples should be reanalyzed.

To gain experience with the method, it is recom-
mended that each analyst process three sets of calibra-

tion blends through the entire procedure. The calibra-
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tion curves should meet the criterion stated above before

the analyst is given responsibility for samples.

Sample Analysis

Dissolution and Preparation for Extraction

1. To a Teflon crucible, add 200 mg of the sample and
1 ml of 15.6M HNO, - 0.05M HF; cover and heat
until dissolution is apparently complete.

Weigh the sample to + 1 mg.

2. Add 0.5 ml of 12M HCIO4 and fume just to dryness.

Do not bake the residue because it will not
readily dissolve in the next step.

This fuming removes most of the fluoride and
aids the dissolution of many impurity elements.
3. Add 2 ml! of 6.7M HCI and heat to dissolve the
residue.

Disregard any small residue. See DISCUSSION
OF THE METHOD.

4. Transfer the solution to a 30-ml beaker using four
2-ml rinses of 6. TM HCl.

Inscribe an identifying number on eagh beaker
that will remain after ignition at 400 C.

5. Add 500 ul of yttrium inteinal standard solution.
The amount of yttrium is 4 ug.

6. Add 5 mg of boric acid.

Boric acid complexes the remaining traces of
fluoride.

7. Add a magnetic stirring bar.

Extraction of Uranium and Plutonium

1. Add 10 ml of 20% TNOA-xylene to the beaker from
step 7 in the previous subsection.

All operations given in this subsection for a
sample are done in the same beaker. This
minimizes transfer losses.

2. Stir vigorously for 3 min.

3. Allow 10 min for phase separation.

4. Remove the organic (upper) phase by suction with
a micropipet connected to a recovery bottle.
See Figure 3.

Uranium and plutonium extract into the organic
phase.

5. Repeat steps 1 through 4.




10.

11.

12.

13.

14.

15.

16.

17.

Add 2 ml of xylene, stir for 30 sec, and allow 5 min

for phase separation.
Repeat step 4.

Withdraw the magnetic stirring bar from the beaker

and rinse it with a small amount of water.

Evaporate the aqueous solution in the beaker to dry-
ness in an evaporating chamber.

See Figures 2 and 3.
Add 2 ml of 6. TM HCl and a magnetic stirring bar.
Repeat steps 1 through 4.
Repeat steps 6 through 9.

Add 5 ml of methyl alcohol and evaporate to dryness
in an evaporating chamber.

Boron volatilizes as methyl borate.

Add 1 m! of 15.6M HNO,, and evaporate {o dryness

3
in an evaporating chamber.
Heat in a muffle furnace for 30 min at 400°C.

Organic matter is destroyed.

Add approximately 0.9 ml of 1M HCl, cover with a

watch glass, and reflux on a hot plate for 10 min.
Rare earth oxides formed in the ignition are
dissolved.

Transfer the solution to a 1- ml volumetric flask

with the aid of a few drops of 1M HCI rinses and

make to volume with 1M HCIl.

Electrode System

1.

Transfer 50 ul of the solution obtained from step 17

of the last subsection in nearly equal portions to a
pair of copper electrodes placed in a copper drying
block and heat until the solution evaporates to dryness.

The electrode preparation is given in the section
REAGENTS AND MATERIALS. Maintain the
copper drying block at a temperature to evapor-
ate the solution without spattering.

Place the loaded electrodes in a wood block and
transfer them to the excitation glove box.

Mark the wood block to identify each elect rode
pair.

Place the atmosphere chamber in position in the

spark stand.

See Figure 1.
Flow argon through the chamber at a rate of 4 1./min.

Place the electrodes in the electrode clamps of the
spark stand and align the electrodes with an analyti-
cal gap of 2 mm.

Optical alignment is accomplished by observing
the electrode images on a graduated scale of
an auxiliary optical system.

Excitation and Exposure Conditions

1.

2.

Produce and record the spectra as follows:

Spark Parameters

Powerstat 44 V

Spark power setting 5

Capacitance 0.0025 uF.
155 uH

Resistance Residual

(secondary)

RF current 4.8A

Discharges per 11

half cycle

Auxiliary air gap 3.5 mm

The parameter values may vary slightly from the
values recommended here. The conditions, how-
ever, must be constant for all calibration blends

and samples.

Exposure Conditions

Spectral region 3200 to 4400 4

Emulsion SA-3 plate
Slit width 154
Exposure time 30 sec.

50% T/20% T.

The two-step filter is useful for controlling the
exposure range.

Rotating sector

Make a single exposure of each sample and of each

calibration blend.

Photographic Processing

1.

2.

3.

4.

Develop the plate or film for 5 min in Kodak D-19
developer at 20°C.

Place in an acetic acid shortstop batch for 15 sec.
Fix in a rapid fix for 5 min.

Wash in running water for 10 min.
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5.

Sponge and dry.

Microphotometry

1.

2.

Measure the percent transmittance, or optical den-
sity, of the analytical and internal standard line
pairs, listed below, in the spectrograms of the cali-

bration blends and the samples.

Rare Earth Analytical Line, A Yttrium Line, &
Sm 3634.29 3832. 88
Eu 3724.94 3832.88
Gd 3768.39 3832. 88
Dy 4000.48 3832. 88

Also measure the background associated with all

lines.

Calibration

1.

Calibrate the emulsions by the Two-Step Preliminary

Curve Method. Ca)

Prepare a calibration curve for each element

a. Convert the percent transmittances of the lines
and background measured for the calibration
materials to intensities, using the emulsion cali-
bration data.

b. Correct each line intensity for the background
intensity.

c. Calculate the intensity ratios of the line pairs
listed in the previous table.

d. Plot intensity ratio vs concentration (ug/g) on

log-log paper to obtain the calibration curve.

Calculation of Sample Results

1.

Convert the percent transmittances of the lines and

background for the sample to intensities.

Correct each line intensity for the background

intensity.
Calculate the intensity ratios of the line pairs.

Convert the intensity ratios to concentration (ug/g)

using the appropriate calibration curve.

[8] "Recommended Practices for Photographic Photo-

metry in Spectrochemical Analysis, "' ASTM Methods
for Emission Spectrochemical Analysis, American
Society for Testing Materials (1964), pp. 67-90.
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DETERMINATION OF URANIUM IN PLUTONIUM
DIOXIDE BY SPECTROPHOTOMETRY
This method is issued on a tentative basis.
Studies are in progress to improve it, es-
pecially that part related to the separation
of the uranium from the plutonium. In its
present form, the separation requires a two-
cycle anion exchange treatment in which each
exchange step uses large volume columns.
The desired improvement is a faster separa-
tion, preferably with a single, small-volume
column. When completed, the new method

will be forwarded to each holder of this
report.

SUMMARY

Uranium is measured spectrophotometrically as the
U(VI)-Arsenazo I colored complex following its separation
from plutonium by anion exchange. The relative standard
deviation is about 7% at uranium concentrations less than

500 ug/g and improves to 1% at 3000 ug/g.
APPLICABILITY

This method is applicable to the determination of
uranium at concentrations between 300 and 3000 ug/g in
ceramic grade plutonium dioxide. The method also is
applicable {0 measurement of uranium at concentrations
as low as 3 ug/g provided suitable calibration materials
are available. The set of calibration blends supplied by
LASL is usable for the 300 to 3000 ug/g concentration
range. At the specification limits for impurities in cer-
amic grade plutonium dioxide, there are no interferences
in the determination of uranium by this method. The
recommended quantity of uranium for measurement is
between 10 and 200 ug. For the concentration range of
300 to 3000 ug/g, a sample size of 70 mg is near ideal.
Fourteen determinations, exclusive of dissolution, re-
quire about 16 hr. of elapsed time and an operator time of
about 11 hr, '

RELIABILITY

The standard deviation is 30 ug/g at 2 uranium
concentration range between 500 and 3000 ug/g, and
20 ug/g at a concentration of 300 ug/g. The recom-
mended calibration materials are NBS U308(SRM 950)
and @ LASL-supplied calibration blend with a pluton um

dioxide matrix,

DISCUSSION OF THE METHOD

The major steps after dissolution of the sample
are separation of the uranium from the plutonium by ab-
sorbing the uranium on anion exchange resin, addition of
cyanide and EDTA to the uranium-containing effluent to
mask nonseparated impurities, buffering of the solution
to pH 7.9, addition of Arsenazo I, and spectrophoto-
metric measurement. A highly colored chelate complex
is formed in a ratio of 1to 1 between uranyl ion and Ar-
senazo I. The reaction is complete at a pH of 8 to 9 and

(1] At a wavelength of
[2]

Beer's law is followed closely.

600 nm, the molar absorptivity is 23,000.

Many metals besides uranium form highly colored
complexes with Arsenazo I. Some of these metals, when
present at low concentration, can be effectively masked
by EDTA or sodium cyanide without adversely affecting
the uranium-Arsenazo [ color development. Interference
from other actinide elements, however, cannot be con-
trolled by masking reagents, and a quantitative separa-
tion of the uranium from other actinides is necessary.
The separation factor for plutonium, the sample matrix
element, must be exceedingly large because the molar

absorptivity of the Pu(IV)-Arsenazo [ complex is 21, 000[3?

Ion exchange resin and liquid-liquid extraction
systems generally are favored for separating uranium
and plutonium. In this method, U(VI) is absobed on an
anion exchange resin column from 12M HCI after reduc-
tion of plutonium t[o fjhe nonabsorbed (1) oxddation state.

4

Kraus and Nelson report a distribution coefficient of
1000 for U(VI) between Dowex-1 resin and 12M HCI, while

under the same conditions, the distribution coefficient for

(1] H. P. Holcomb and J. H. Yoe, Anal. Chem. 32,
612 (1960).

[ 2] A. D. Hues and A. L. Henicksman, USAEC Report
LA-3226 (1965).

(3] c. F. Metz and G. R. Waterbury, Treatise on
Analytical Chemistry, Part II, Vol. 9, Kolthoff,
Elving, and Sandell, Eds., Interscience, New York,
N.Y.(1962), p. 309.

(4] K. A. Kraus and F. Nelson, Proc. Intern. Conf.
Peaceful Uses At. Energy, Geneva, 1955, 7, 113
"(1956).
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Pu(IM) is less than 1. (s]

Effective separation is thus
attained by reducing plutonium with a mixture of hydrox-
ylamine hydrochloride and stannous chloride. The uran-
ium is eluted from the column with 0. 1M HCl, evaporated
to dryness, and the separation ié repeated to remove any
nonreduced plutonium which had absorbed on the first
column. The recommended resin particle size is 100~
200 mesh: larger resin particles permit the solution to
flow too rapidly for complete uranium absorption. The
resin is held conveniently in 10-cm columns with coarse

glass frits.

Interferences in this method are few because of
the effectiveness of the separation, and the use of com-
plexing agents during the color development. At the im-
purity specification limits for ceramic grade plutonium
dioxide,[ 6] the impurity most likely to interfere is iron;
however, the specification limit of 250 ug/g for iron is
less than one-half of the level where there is a significant
interference. The specification limits of other impurities

are well within the tolerance of the method.

Plutonium dioxide dissolves slowly in hot 15.6M
HNO3 with hydrofluoric acid present in low concentra-
tions. The hydrofluoric acid acts catalytically for dis-
solution of plutonium dioxide and aids the dissolution of
of silica impurity. After dissolution, the sample is
fumed with sulfurio acid to remove nitrate, which hinders
the reduction of plutonium to the (ITI) oxidation state, The
sealed-tube method of dissolution, described on p. 7,
gives faster digsolution without the need for sulfuric

acid fuming.

The sensitivity of the method permits the deter-
mination of as litfle as 10 ug of uranium with a standard
deviation of 1 ug. Therefore a 70-mg sample may be
used for a uranfum concentration range of 300 to 3000
ug/g, which brackets the 2000 ug/g specification limit.
If the 70-mg sample should contain more than 200 ug of
uranium, a small aliquot of the final colored solution
may be taken into another flask and diluted. More buffer

[ 5] R. D. Gardner and W. H. Ashley, USAEC Report
LA-3551 (1966).

[6] RDT Standard E13-1, "Fast Flux Test Facility
Ceramic Grade Plutonium Dioxide' (October 1970).
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and Arsenazo reagent are added, the new solution is
diluted to volume, and the absorbance is measured spec-
trophotometrically as in step 23. Being able to measure
an aliquot of the colored solution in this manner is a real
advantage and eliminates the need to repeat the analysis

of a sample with an unusually high uranium content.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special care must be taken when handling con-
centrated acids. As a minimum precaution, rubber
gloves should be worn. When preparing dilute sulfuric
acid solutions, always add the acid carefully to the water
and not the reverse. Hydrofluoric acid is especially
dangerous to the skin and will cause slow-heali:_\g ulcer-
ating sores. Consult your laboratory safety manual for

further information.
APPARATUS

Columns, ion exchange, 1- x 10-cm. Seal a 1-cm.diam
x 10-cm-ong filter tube with a.coarse glass frit to the
bottom of a 40-ml centrifuge cone and cut off the tube
diagonally just below the frit. Fill the column to a height
of 10 cm with Dowex 1-x 2 anion exchange resin, chlor-
ide form, 100-200 mesh. Wash the resin column with

50 ml of 12M HCI.
Dishes, platinum, 30-ml.

Spectrophotometer, Beckman, Model DU or equivalent,
with matched 1-cm cells. !

REAGENTS
Ammonium hydroxide, 1M.

Arsenazo [, 0.05% aqueous solution. Purify the reagent
[ 3-(2-arsonophenylazo)-4, 5-dihydroxy-2, 7-naphtha-
lenedisulfonic acid, disodium salt] in the following man-
ner. Add a saturated aqueous solution of the Arsenazo I
to an equal volume of 12M HCI, filter the orange preci-
pitate, wash with acetonitrile, and dry for 1 hr at 100°C.

Hydrochloric acid, 12M(37%), 0. 1M.

Hydrofluoric acid, 28M(48%).

Hydroxylamine hydrochloride, 10% aqueous solution.




Nitric acid, 15.6M(70%).

Phenolphthelein solution, 0.025% in 1:1 water-ethanol

solution.

Sodium cyanide, 5% aqueous solution.

Sulfuric acid, 6M.

Stannous chloride, 7% in 12M HCl. Prepare fresh daily.

Triethanolamine buffer-EDTA complexing solution. Dis-
solve 74.5 g of triethanolamine and 72 mg of the disodium
salt of EDTA in a mixture of 750 ml of water and 14.0 ml

of 15.6 M HNO,, and dilute to 11. Allow the solution to

3’
stand overnight before using,

Uranium calibration solution, 30 ug U/ml. Dissolve
35.40 mg of NBS U,0, (SRM 950) in 1 ml of 6M HNO, and

3
dilute to 11. with 2M HZSO4.

Uranium calibration solution in plutonium dioxide matrix.
Dissolve 700 mg of the LASL-prepared calibration blend
that has a nominal uranium content of 300 ug/g, accord-
ing to steps 1through 5 in the subsection Sample Analy-
sis. Dissolve the residue obtained in step 5 in 6M HCl
and dilute to 100 m! with 6M HCI.

PROCEDURE
Blank

Determine the reagent blank in duplicate by
starting at step 1 of the subsection Sample Analysis
without & sample. If the measured absorbance is greater
than zero at the . 05 significance level, replace each re-
agent individually to determine the source of contam-

ination.
Calibration

For the initial calibration of each analysis ap-
paratus, pipet eight 10-ml aliquots of the uranium cali-
bration solution in plutonium dioxide matrix into sep-
arate 30-m! platinum dishes and add 2 ml of 6M H2804
to each. Add 2 ml of the uranium calibration solution to
each of two dishes, 4 ml to each of two more dishes, and
6 ml to each of a third pair of dishes. This gives a set
of duplicate calibration solutions with nominal uranium

contents of 21, 81, 141, and 201 ug per dish. Analyze

each solution as described under subsection Sample
Analysis, steps 5 through 23. Process the resulis using

least-squares formulas to obtain the linear equation
y = Ax+B

that best fits the data. In this equation, y is the absor-
bance, x is the micrograms of uranium, A is the slope,
and B is the intercept on the y axis. B should be appro-
ximately zero. Prepare a quality control chart for the
values of A and B obtained for each analysis apparatus.
Once each week during periods that samples are analyzed,
verify the calibration by processing duplicate 10-ml

aliquots of the uranium calibration solution in plutonium

dioxide matrix plus 3-ml! aliquots of the 30 ug U/ml!
uranium solution. (The nominal contents of each dupli-
cate are 111 ug of uranium and 70 mg of plutonium di-
oxide). Pipet the aliquots into 30-ml platinum dishes and
proceed through steps 5 through 23 in the Sample Analysis
Calculate A' = y/x and plot it on the quality
control chart for A. If an individual calibration value of

subsection.

A' disagrees at the . 05 significance level with the value
of A from the complete calibration set, investigate the
cause for the difference and rectify the difficulty before
proceeding with the analysis of samples.

Sample Analysis

1. Transfer an accurately weighed 70- mg sample into
a 30-ml platinum dish.

This weight is recommended to cover the
uranium concentration range of 300 to 3000 ug/g.

The sealed-tube technique, described on p. 5,
will give faster dissolution rates and is recom-
mended. If used, proceed to step 7.

2. Add 5 ml of 15.6M HNO

and 0.5 ml of 6M H

3 3 or 4 drops of 28M HF,
2SO4, then heat under an infrared
lamp to fumes of sulfuric acid.
This dissolves the sample and volatilizes ni-
trate (see section DISCUSSION OF THE METHOD)
3. Add 2 ml of water to the residue, mix, and decant

the supernatant solution into a 50-ml beaker.

4. Repeat steps 2 and 3 until the sample is completely

dissolved.

5. Evaporate to dryness the combined solutions in the
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10,

11,

13.

14.

15.

16.

17,

18,

19.

50-ml beaker.
Dissolve the residue in 2 m! of 12M HCIl.

Add 3 ml of 10% hydroxylamine hydrochloride solu-
tion, and warm the solution under an infrared lamp.
Plutonium reduces to the (III) oxidation state,
which is blue. If the solution is not blue, add

more hydroxylamine hydrochloride solution and
again warm the sample.
After the solution cools to room temperature,add 2
drops of stannous chloride solution.
The stannous chloride helps prevent air oxd-
dation of the Pu(Il).
Prepare an ion exchange column for use by washing

it with 20 ml of 12M HCl.

Add 10 ml of 12M HCI to the reduced solution, mix,
and quantitatively transfer it to the ion exchange
column with five 1-ml rinses of 12M HCl.

The HCI concentration in the sample solution
should be at least 9M.,

Wash the column with five 5-ml portions of 12M HCI.

Plutonium(IIl) elutes from the caolumn.

. Elute the uranium into a 50-ml beaker with six 5-ml

portions of 0. 1M HCI.
Evaporate the eluted uranium solution to dryness.

Dissolve the residue in 2 ml of 12M HCIl, add 10
drops of 10% hydroxylamine hydrochloride solution,and

heat for 5 min.

After the solution cools to room temperature, add 2
drops of stannous chloride solution and 10 ml of 12M

HCl, and mix,

Prepare a second ion exchange resin for use by wash-

ing it with 20 m! of 12M HCl.

Transfer the solution to the resin column with five
1-ml rinses of 12M HCI and repeat steps 11 through
13.

Dissolve the residue in 3 drops of 12M HCI and wash
the sides of the beaker with water.

Add 4 drops of 5% sodium cyanide solution and 2
drops of phenolphthalein.
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20.

21,

22,

The cyanide complexes certain foreign ions which
may have carried through the separation with the
uranium.

Adjust the pH with 1M NH
color of the indicator.

4OH to the slightly pink

Pipet 5 ml of triethanolamine buffer-EDTA complex-
ing solution and 3 ml of 0. 05% Arsenazo I solution
into the sample solution.

The buffer stabilizes the pH at 7.9 and the EDTA
masks certain foreign ions which may have carried
through the separation with the uranium.

Transfer the solution to a 25-ml volumetric flask and

dilute to volume with water.

23. Allow the solution to stand for 1 hr, then measure the
absorbance at 600 nm in a 1-cm cell against a refer-
ence prepared from the reagents starting at step 19.

The 1-hr wait ensures maximum color developmert.
Calculations
R = Y-B ,
AW
in which
R = micrograms of uranium per gram
of sample,
Y = absorbance of sample,
A, B = constants in the linear calibration
equation,
W = weight, grams, of sample.



DETERMINATION OF TOTAL GAS IN MIXED OXIDE
FUEL PELLETS AND URANTUM DIOXIDE INSULATOR
PELLETS
(Method A)

SUMMARY

Uranium dioxide insulator and uranium-plutonium
mixed oxide fyel pellets are heated inductively at 1600°C
in a vacuum extraction apparatus to liberate volatiles.
Water vapor is adsorbed from the released gases on an-
hydrous magnesium perchlorate; the remaining gases
are collected with a Toepler pump; and the pressure,
volume, and temperature of the collected gases are mea-

for the calculation of the volume at standard conditions.
APPLICABILITY

(1]

This method is applicable to the measurement
of volatiles other than water in uranium-plutonium mixed
oxide fuel and uranium dioxide insulator pellets in which
the specification limit for both materials is 0.09 STP

cm3 of total gas per gram of pellet. 3]

This vacuum
outgassing method uses a smaller calibrated volume than
does the alternative method, given on p. 133, and hence
provides greater sensitivity in the pressure measure-
ment. Total gas is not a specification for either cera-
mic grade uranium dioxide or ceramic grade plutonium

dioxide.

Interferences in the method are not expected with
the exception of water in the sample which partially re-
acts with the tungsten crucible to produce hydrogen (see
""Determination of Water by Thermal Evolution and Mea-
surement with a Moisture Monitor, ' p. 139). The gases
normally released from the two types of pellets obey the

ideal gas laws sufficiently to permit simple ratio

1] D. E. vance, M. E. Smith, and G. R. Waterbury,
Los Alamos Scientific Laboratory, private commu-
nication (September 1970).

(2] RDT Standard E13-6 '"Fast Flux Test Facility-
Driver Fuel Pin Fuel Pellet" (October 1970).

(3] RDT Standard E13-7 "Fast Flux Test Facility-
Driver Fuel Pin Insulator Pellet' (October 1970).

conversion of pressure and temperature {o standard

conditions.

The lower limit of the method using the described
equipment and a ~ 1-g (one pellet) sample is 0.01 STP
cm3 per gram of sample and can be extended by using
more than one pellet as the sample. The time required

for five analyses is about 8 hr with one analyst.
RELIABILITY

The reliability of this method is not known be-
cause pellets having standardized volatile contents are
not available. The pooled standard deviation obtained by
seven laboratories for the analysis of one lot of mixed
oxide pellets by the two methods described here and on

(4]

p. 133was 0.012 STP cms/g. This precision estimate
included the between-pellet variability and the analytical
measurement error. The mean gas content in the ana-
lyzed pellets was 0.050 STP cms/g, so that the relative

standard deviation was 24%.

DISCUSSION OF THE METHOD

A weighed pellet sample is transferred into the
outgassing section of the apparatus in a position for sub-
sequent dropping into a tungsten crucible. The system
is evacuated and the tungsten crucible without the sample
is outgassed at 1600°C until the "blank crucible' gas re-
lease during a 35-min collection period decreases to
less than 0.01 cm3 at STP conditions. After the crucible
cools, the sample is dropped into it and heated at 1600°C
for 35 min. The released gas passes through a magne-
sium perchlorate trap to remove water and thence into a
calibrated volume where the temperature and pressure
are measured. The gas content of the sample is calcu-
lated at STP conditions assuming that the released gas

is ideal.

The gas measuring section of the apparatus, lo-

cated outside the glove box containing the furnace, in-

(4] J. E. Rein, R. K. Zeigler, and C. F. Metz, USAEC
Report LA-4407 (1970).
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cludes a Toepler pump and sample tube which can be
used for collection of an aliquot of the gas for mass
spectrometric or other type of analysis for gas compo-
sition.

One known source of error is the reaction of re-
leased water with the tungsten crucible to form hydro-
gen. However, tungsten crucibles are used because
ceramics give a higher and more variable "blank' gas
release that is not acceptable for the nominal low gas
contents of mixed oxide pellets. Other metals oralloys
of comparable cost to tungsten do not react with water
appreciably less than does tungsten. The magnitude of
this error, although unknown, probably is insignificant
because of rapid removal of water vapor from the vicin-

ity of the crucible.

Close attention to proper construction and main-
tenance of the apparatus is essential to obtain reliable
results. Seals and valves must be high-vacuum tested
and the entire system must be leak-tested when assem-
bled. The vacuum pumps used must be maintained at a
high level of efficiency. Because the nominal gas con-
tents of the analyzed pellets are low, of the order of
0.05 STP cms/g, the requirement of attaining a stable
crucible blank no greater than 0. 01 cm3 for 35 min be-
fore analyzing the sample is essential for attaining

reliable analyses.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

The gas measuring section of the apparatus should
be located in a hood and the glass portions operating at
high vacuum should be handled carefully to prevent break-
age. Do not attempt to repair fragile components with-

out bringing the system to ambient pressure.
Do not touch the furnace induction leads which
can cause burns and electrical shocks.

APPARATUS

Vacuum outgassing and gas measuring apparatus,
see Figures 1, 2, and 3. The outgassing section (Fig-

ures 1 and 2) consists of a water-cooled, fused-silica
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furnace tube heated with induction coils, and a pellet-
loading arm with an externally operated magnet feed. A
glass wool plug is placed in the line just after the furnace
tube adapter to prevent {ransfer of small uranium-pluton-

ium oxide particles outside the glove box.

The gas measuring section (Figure 3) consists of
2 mercury diffusion pump capable of transferring the gas
against a forepressure equivalent to 5 Torr, a magnesium

perchlorate trap to remove water, another mercury dif-

- fugion pump also capable of transferring against a fore-

pressure equivalent {0 5 Torr, a Toepler pump fitted with
a removable calibrated-volume sample tube, and 2 Mc-
Leod gauge, a mercury diffusion pump, and a mechanical

forepump.

The Toepler pump cycle is controlled by electri-
cally timed solenoid valves in the vacuum and pressure
lines. This method of control eliminates the possibility

of reactions caused by electrical sparks in a system con-
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Figure 1. Induction furnace.
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Figure 2. Furnace tube adapter and sample loader.

trolled by mercury contacts. When the apparatus is not
in use, keep the mechanical pump operating to maintain

vacuum in the system.

REAGENTS

Silicone grease, high vacuum.

Magnesium perchlorate, anhydrous.

PROCEDURE
Blank

Determine a crucible blank for the entire system
in operation before each and every sample. The proce-
dure for the crucible blank is included in the Sample
Analysis subsection.

Calibration

Two techniques can be used to calibrate the

vacuum outgassing apparatus. One is to measure the

Figure 3. Outgassing and gas measuring apparatus; A,
induction furnace; B, monel bellows; C, glove
box wall; D, low-pressure regulator; E, ther-
mocouple gauge; F, water-cooled condenser;
G, mercury diffusion pumps; H, semi-ball
joint; I, magnesium perchlorate (anhydrous)
trap; J, calibrated sample volume; K, Toepler
pump; L, McLeod gauge; M, mercury reser-
voir; N, mercury diffusion pump; O, water-
cooled condenser; P, thermocouple gauge;

Q, mechanical forepump; R, low-pressure
regulator; S, needle valve; T, needle valve;

U, solenoid valves; V, electric counter; W,
electric timers; X, mechanical vacuum pumps.

volume of the removable sample tube on the Toepler
pump. The second and more accurate technique is to
introduce known volumes of gas into the system through
valve V1 in Figure 3 and measure these in the gas mea-
suring section in the same manner as samples are mea-
sured. The calibration gas for this method can be hy-
drogen, usually a major component of the samples. A
series of known volumes covering the range of the sam-
ples, in this case from 0.01t0 ~ 0.2 STP cms, is rec-
ommended for this method. This second technique takes

into account slight losses in vacuum pumps.

Sample Analysis

Note: Accept results for samples only within the linear

range of the calibration.” Above the linear range, repeat
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N S

the analysis with a smaller sample.

10.

11.
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Start the 3 diffusion pumps.
Refer to Figure 3 for all steps.

Close valves V2 and V3.

Open valve V_ and flush the furnace tube with argon

1
while the sample is being placed in the sample

loader.

Transfer a weighed pellet into the arm of the sample

loader.

Replace the sample loader on the furnace tube adapt-

er, using silicon grease to make a seal.

Close valves Vl’ v V,, V,, V

4 Vs Y Vg 12> 2d
v

100V
16

Slowly open valve V_ to evacuate the system with me-

3
chanical pump Q.

Rapid opening of valve V,_, will cause violent agi-
tation of the mercury in ghe Toepler pump and
possible breakage of the pump.

When the pressure indicated on thermocouple gauge,
P, decreases to 0.5 Torr, open valves V2’ V,,

v_,V,V_,V and V__, and close valves

5° "7 "8 "10° V12’ 16
A\ A\ V13, a.ndVls.

VG’ 9’

3’
When the pressure decreases to less than 0.01
Torr, start the induction generator and slowly heat
the crucible over approximately 4 hr to 1600°C.

A slow outgassing rate is required to prevent ex-
cessive coating of the furnace tube walls with
tungsten oxides formed by the reaction between
tungsten and water vapor. An excessive deposit
will cause overheating of the O-ring seals and
leakage of cooling water.

Heat the crucible at 1600°C for 0.5 hr, then close

valve V and adjust the pressure in the mercury

11’
reservoir M, using needle valve S, until mercury

half-fills the side arm leading to the Toepler pump.

Turn on the Toepler pump timer, W, and collect
the gas evolved from the crucible in the sample
tube, J, for 70 cycles of the Toepler pump as regis-
tered on the counter, V.

The time required for collection is dependent on
the construction of the Toepler pump. The use

13.

14.

15.

16.

117.

18.

19.

20.

21.

22.

of large-bore stopcocks and tubing will permit a
cycle rate of 1 cycle/25 to 30 sec.
At the completion of the collection period, close the
stopcock between the Toepler pump mercury reser-
voir and the expansion volume with the mercury at

the top of its cycle.

Open valve V__ and raise the mercury in the side

11
arm, by opening needle valve S, until the level
reaches a predetermined calibration mark on the

sample tube.

Measure the difference in heights of the columns of
mercury in the sample tube and in the adjacent Mc-
Leod gauge, L.
This difference is the total pressure of the col-
lected gas. )
Record the temperature of the sample tube and the
pressure of the gas, and calculate the volume of the

gas at STP conditions. -

Evacuate the sample tube by turning the two-way
stopcock on the mercury reservoir, M, to vacuum

and lowering the level of mercury in the side-arm.

When a stable crucible blank of less than 0. 01 cm3 is
attained, turn off the induction generator and allow

the crucible to cool.

Transfer the sample pellet to the crucible by push-
ing it along the arm of the sample loader with an iron

piece guided from outside with a magnet.

Close valve Vi and start the induction generator to
heat the crucible and pellet to 1600°C.

Collect the evolved gases in the same manner as in
the blank determination.

Turn off the induction generator and record the

pressure and temperature of the sample tube.

If a gas sample is desired for a gas eomposition ana-
lysis, remove the sample tube and transfer it to the
desired analytical apparatus.

The sample tube is fitted to the Toepler pump us-
ing a ground glass taper joint.




CALCULATIONS'

Case where the sample {ube has been calibrated with a

series of known volumes of gas.

Use least-squares formulas to calculate the best
linear equation relating the introduced known volumes of
gas in STP cm3 to the measured pressures in the sample
tube in torr corrected to 273°K.

Py =2+b (STP cmsl) ,

in which

PM = measured pressure in Torr corrected to
273%k ,

273 PO
——
TO+273

a = intercept of least-squares equation,
b = slope of least-squares equation.
= known volumes introduced corrected to

760 Torr and 273°K ,
273 v

STP cm3I

Po YV
- 273 + ’
760 T o
where P o = observed pressure,
Vo = observed volume,
T o- observed temperature.

The sample result is:

3 S B
STP cm S/g = ,
in which
3 3 '
STP cm S/g = em’ of total gas per gram of sam-
ple at 760 Torrand 273°K (0°C),
P s = measured pressure for sample in
Torr corrected to 273°K,
PB = pressure for blank in Torr cor-

rected to 2 73°K,

‘a = intercept of least-squares equation,
b = slope of least-squares equation,

W = weight of sample, g.

Case where the volume of the sample tube has been

measured,

Calculate the total gas content of the pellet by:

3 273
27 PSV PBV

76
s 760 T 0Ty
STP cm S/g = s

in which

STP cmss/ g = em® of total gas per gram of sam-—
ple at 760 Torrand 273°K (0°C) ,

PS = recorded pressure, Torr, for

sample,

3
V = measured volume, cm , of

sample tube,

TS = recorded temperature of sample

tube, for sample gas, °k (OC + 273),

PB= pressure, Tory for blank,

5" recorded temperature of sample

tube for blank, °K,

W = weight of pellet, g .
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DETERMINATION OF TOTAL GAS IN MIXED OXIDE
FUEL PELLETS AND URANIUM DIOXIDE INSULATOR
PELLETS
(Method B)

SUMMARY

Uranium dioxide insulator and uranium-plutonium
mixed oxide fuel pellets are heated inductively at 1600°C
in a2 vacuum furnace, the released gas passes through a
magnesium perchlorate trap to adsorb water, the pres-
sure and temperature of the remaining gas are measured
in a calibrated volume, and the volume is corrected to

STP conditions.
APPLICABILITY

(1]

This method is applicable to the measurement
of volatiles other than water in insulator and uranium-
plutonium mixed oxide fuel pellets in which the specifi-
cation limit for both materials is 0.09 STP cm3 of total

gas per gram of pellet. (2,3]

An alternative vacuum
outgassing method, using a different gas measurement
system consisting of a smaller calibrated volume and a
Toepler pump, is given on p. 127 for this same purpose.
Total gas is not a specification for either ceramic grade
uranium dioxide or ceramic grade plutonium dioxide; this
method can be used, however, for such materials and

the equipment will accept powdered samples.

Interferences in the method are not expected,
with the exception of water in the sample that partially
reacts with the tungsten crucible to produce hydrogen
(see "Determination of Water by Thermal Evolution and
Measurement with a Moisture Monitor, p. 13g). The
gases normally released from the two types of pellets
obey the ideal gas laws sufficiently to permit simple

[1] M. C. Burt, Method 20.6, USAEC Report WHAN-
TR-5 (August 1970).

(2] RDT Standard E13-6 ""Fast Flux Test Facility Driver
Fuel Pin Fuel Pellet= (October 1970).

(3] RDT Standard E13-7 ""Fast Flux Test Facility Driver
Fuel Pin Insulator Pellet" (October 1970).

ratio conversion of pressure and temperature to stan-

dard conditions.

The lower limit of the method using the described
equipment and an ~ 1-g (one pellet) sample is 0.03 STP
cm3 per gram of sample and can be extended by using
more than one pellet as the sample. The upper limit is
dependent on the type of vacuum measurement gauges.
The time required for a group of six analyses is about

8 hr with one analyst.

RELIABILITY

The reliability of this method is not known because
pellets having standardized volatile contents are not avail-
able. The pooled standard deviation obtained by seven
laboratories for the analysis of one lot of mixed oxide pel-
lets by the two methods described here and on p. 129 was
0.012 STP cms/g. (4] This precision estimate included
both the between-pellet variability and the analytical mea-
surement error. The mean value for the total gas in the
analyzed pellets was 0. 050 STP cms/g, so that the rela-
tive standard deviation was 24%. The analytical mea-
surement error is 7% relative standard deviation[ 1]
indicating that the major source of variability is the

between-pellet differences.

DISCUSSION OF THE METHOD

A weighed pellet sample is placed in the apparatus
in a position for subsequent drop into a tungsten crucible.
The system is evacuated to 0. 001 Torr and the tungsten
crucible without the sample is outgassed at 1600°C until
the "blank crucible' gas release rate decreases to less
than 0. 001 Torr/min. The sample is dropped into the
crucible after it cools, and reheated at 1600°C until the
gas release rate becomes equal to that of the crucible
blank. The released gas passes through a magnesium
perchlorate trap to remove water and thence into a cali-
brated volume where the temperature and pressure are
measured. The gas content of the sample is calculated

at STP conditions assuming that the released gas is ideal.

(4] J. E. Rein, R. K. Zeigler, and C. F. Metz, USAEC
Report LA-4407 (1970).
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The furnace section of the apparatus usually is lo-
cated in a glove box and, if desired, may include provi-
sions for powder samples. The gas measuring section of
the apparatus, located outside the glove box, can inc¢lude
a Toepler pump and bulb for collection of an aliquot of the
gas for mass spectrometric or other technique for the ana-

lysis of gas composition.

One known sourc e of error is the reaction of re-
leased water with the tungsten crucible to form hydrogen.
Tungsten crucibles are used, however, because ceramics
glive a higher and more variable "blank" gas release that
is not acceptable for the nominal low gas contents of the
materials to which the method applies. Other metals,
or alloys of comparable cost to tungsten, do not react
with water appreciably less than does tungsten. The
magnitude of this error, although unknown, probably is
insignificant because of rapid removal of water vapor

from the vicinity of the crucible.

Close attention to proper construction and main-
tenance of the apparatus is essential to obtain reliable
resuits. Seals and stopcocks must be high-vacuum tested
and the entire system must be leak-tested when assembled
The vacuum pumps used must be maintained at a high
level of efficiency. Because the nominal gas contents of
the pellets are expected to be low, of the order of 0.05
STP cms/g, it is very important that the crucible blank
release rate must be no greater than 0.001 Torr/min be-

fore proceeding with the analysis of the sample.

OPERATING INSTRUCTIONS
SAFETY PRECAUTIONS

The gas measuring section of the apparatus should
be located in a hood and the glass portions operating at
high vacuum should be handled carefully to prevent break-
age. Do not attempt to repair components such as frozen
stopcocks without bringing the system to ambient pressure.

Do not touch the furnace induction leads which can

cause burns and electrical shocks.

APPARATUS
The apparatus described in this method is illus-
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trated in Figures 1, 2, and 3. The outgassing section

(Figures 1 and 2) consists of a water-cooled, fused-silica
furnace tube heated with induction coils, a pellet loading
arm with an externally operated magnet feed, a magnet
driven device for raising and lowering the crucible into

the furnace, and a high-speed mercury diffusion pump for
transferring the gas to the gas measuring section located
outside the glove box. A quartz wool plug is placed in the
line just after the mercury diffusion pump to prevent trans-
fer of small uranium-plutonium oxide particles outside the
glove box. The furnace section also includes the means

for loading a powder sample.

The gas measuring section (Figure 3) consists of
a roughing mechanical pump, a magnesium perchlorate
trap to remove water, a mercury diffusion pump with cap-
ability of transferring the gas against a 5-Torr forepres-
sure, and the gas measuring components. These com-
ponents include three (McLeod, thermocouple, and joni-
zation) vacuum gauges, an expansion volume, a Toepler
pump and removable sample bulb for gas composition an-
alysis, a cold trap, and a polyphenylether diffusion pump

exhausting to a mechanical pump.

Figure 1. Outgassing section: A, powder loading device;
B, furnace tube; C, pellet loading arm; D,
mercury diffusion pump; E, quartz wool plug;
F, magnet arm; G, thermocouple gauge; H,
hook and pulley; I, glove box wall.




Figure 2.

Figure 3.

Crucible raising and lowering device: A, mag-
net (located in arm "F," Figure 1); B, ring
magnet (around "A" - outside glass arm); C,
gold chain; D, tantalum chain; E, tungsten
crucible; F, nickel cylinder; G, tantalum
bail; H, hook and pulley (see ''H, " Figure 1).

to to
0 Atmosphere

IGas measuring section: A, glove box wall;

! , quartz wool plug; C, stopcocks (C and C');
iD, mechanical pump; E, magnesium perchlor-
ate trap; F, mercury diffusion pump; G, Mc-
Leod gauge; H, thermocouple gauge; I, ioni-
zation gauge; J, Toepler pump; K, sampling
bulb; L, calibrated expansion bulb; M, stop-
cock; N, cold trap; O, oil diffusion pump;

P, mechanical pump.

REAGENTS

Liquid nitrogen

Magnesium perchlorate, anhydrous

PROCEDURE
Blank

Determine the crucible blank for the entire system
in operation before each and every sample. The proce-
dure for the crucible blank is included in the Sample

Analysis subsection.
Calibration

Two techniques can be used to calibrate vacuum
outgassing apparatus. One is to measure the volume of
each component, in this case from the mercury diffusion
pump designated F up to the stopcock designated M in
Figure 3, then add these to obtain the total volume. The
second and more accurate technique is to introduce known
volumes of gas into the system such as at point C' in Fig-
ure 3 and measure these in the gas measuring section in
the same manner as samples are measured. The cali-
bration gas for this method can be hydrogen, usually a ma-
jor component of the samples. A series of known volumes
covering the range of the samples, in this case from 0.01
to ~0.2 STP cms, is recommended for this method. This
second technique takes into account all perturbations in
the system including hard-to-measure volumes, slight
losses in vacuum pumps, and nonlinear vacuum gauge
responses. It is further recommended that the calibra-

tion be verified at no less than monthly intervals.

Sample Analysis

NOTE: Operate the mechanical vacuum pump con-
tinuously to keep the system evacuated, extending through
periods when it is not in use. Accept results for samples
only within the linear range of the calibration. Above the

linear range, repeat the analysis with a smaller sample.

1. Start the diffusion pumps F and O.
Refer to Figure 3 for steps 1 through 4.

135



2. Fill cold trap N with liquid nitrogen. 19. Close stopcock M and start the induction generator

(o]
3. Close stopcock C. to heat the crucible and pellet at 1600 C.

4. Vent the apparatus inside the glove box through 20. Record the pressures every 5 min until the offgass-
stopcock C'. . ing rate equals that of the blank.
This normally requires a total of 30 min.
5. Transfer a weighed pellet into arm C.

Refer to Figure 1. 21. Turn off the induction generator and record the pres-

sure and temperature of the gas measuring system.
6. Seal the end caps with black wax and allow to cool.

22. If a gas sample is desired for a gas composition an-
7. Evacuate the system through stopcock C' with mech-
¢ y & pe with mee alysis, open the stopcock to Toepler pump J and col-
lect gas in bulb K.

Refer to Figure 3.

anical pump D.
Refer to Figure 3.

8. Start diffusi D when th essure de es
uslon pump 1 the pressu creas 23. Open stopcock M.

to 0. r.
5 Tor This evacuates the system.

Refer to Figure 1.
24. After the crucible cools, drop the spent sample to

. Close stopcock C' and t t th
8. Close stopeock C' and open stopeock C to connect the the bottom of A with the aid of nickel cylinder F and

outgassing and gas measuring sections.
g2 € g2 g section external magnet manipulation.

10. When the pressure decreases to less than 0.001 Torr,

start the induction generator to heat the crucible at CALCULATIONS
1600°C
: Case where the system has been calibrated with a series
11. After 5 min, close stopcock M, observe the crucible of known volumes of gas.

ing r and to k M.
outgassing rate, open stopcock M Use least-squares formulas to calculate the linear equa-

12. Repeat step 11 until the crucible outgassing rate de- tion relating the introduced known volumes of gas in STP
creases to less than 0. 001 Torr/min, at which time cm3 and the measured pressures in the system in Torr
the blank measurement is started. corrected to 273°K.

13. Close stopcock M to start the measurement of the PM =a+b (STP °m31)

blank.
14. Record the pressure every 5 min until the outgassing in which
rate becomes constant.
p = pressure in Torr corrected to 273°k ,
15. Turn off the induction generator, record the pressure M o3
3P
and temperature of the gas measuring system, and - o ,
273+ T
open stopcock M. (¢]
a = intercept of least-squares equati
16. Allow the crucible to cool, then raise it to the funnel cept o squar quation,
mouth at the top of the furnace. b =slope of least-squares equation,
17. Transfer the sample pellet to the crucible by pushing 3
) A STP cm = known volumes introduced, corrected to
it along arm C with an iron rod guided from outside I o
760 Torrand 273 'K ,
with a magnet.
P o 273 v o
18. Lower the crucible and pellet into the heating posi- = %50 " WO »
tion.
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where PO = observed pressure ,
T o~ observed temperature ,
VO = observed volume.

The sample result is:

STP cmss/g —_—,

in which:
3 3
STP cm S/g = em of {otal gas per gram of
sample at 760 Torr and273°K(0°C),

P_ = measured pressure for sample

in Torr corrected to 273°K,

P_ = pressure for blank in Torr
corrected to 273°K and calculated
for a collection time equal to that

of the sample,

a = intercept of least-squares equa-
tion ,
b = slope of least-squares equation,

W = weight of sample, g.

Case where the volume of the system has been calculated.

Calculate the total gas content of the pellet by:

273 PSV 273 PBV

3 760 T 0T T 60T,
STP cm™/g= W B »

in which:
STP cm3/g = cm3 of total gas per gram of sample
at 760 Torr and 273°Kk (0°C),

PS = recorded pressure, Torr, for

sample,
V = calculated volume, cms, of system,

T S = recorded temperature of gas mea-
suring system for sample, OK, (°C

+273),

PB = pressure, Torr, for blank calculated

for a collection time equal {o that of

the sample ,

TB = recorded temperature of gas measuring

system for blank, OK ,
W =weight of pellet, g .

a

7
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DETERMINATION OF WATER BY THERMAL
EVOLUTION AND MEASUREMENT WITH A
MOISTURE MONITOR

SUMMARY

Whole uranium-plutonium mixed oxide pellets,
uranium dioxide insulator pellets, and ceramic grade ur-
anium dioxide powder are heated at 400°C and the evolved
water is measured with a moisture analyzer. Prelimin-
ary heating at 110C removes water adsorbed during nor-
mal room temperature storage conditions. The relative
standard deviation is 4% at a water level of 8. 5 ug per

sample.

APPLICABILITY

This method[ 1]

is applicable to the determination
of water in uranium-plutonium mixed oxide fuel pellets,
uranium dioxide insulator pellets, and ceramic grade
uranium dioxide. The stated specification limits are
30 ug/g for a lot of pellets and 50 ug/g for individual
pellets for uranium-plutonium mixed oxide fuel (2] and
for uranium dioxide insulator pellets. The specifi-
cation limit is 0.5 wt % for ceramic grade uranium di-

(2]

oxide. A specification for water is not given for
ceramic grade plutonium dioxide; rather, it is deter-
mined as one of the components in the specification anal-
ysis for total volatiles (see ''Determination of Total Vola-
tiles in Ceramic Grade Plutonium Dioxide and Sample
Preparaﬁon of Plutonium Dioxide for Impurity Analysis, "
p. 145).

The calibrated range of the method is 0 to 100 ug
of water, designed for the specification analysis of single

pellets of uranium-plutonium mixed oxide and uranium

(1] D. E. Vance, M. E. Smith, and G. R. Waterbury,
Los Alamos Scientific Laboratory, private com-
munication (September 1970).

(2] RDT Standard E13-6 "Fast Flux Test Facility Dri-
ver Fuel Pin Fuel Pellet' (October 1970).

(3] RDT Standard E13-7 "Fast Flux Test Facility Dri-
ver Fuel Pin Insulator Pellet' (October 1970).

(4] RDT Standard E13-2 "Fast Flux Test Facility Cer-
amic Grade Uranium Dioxide' (October 1970).

dioxide, whose weight is approximately 1 g. For ceramic
grade uranium dioxide with higher levels of water, a
smaller sample of 10 to 20 mg is used.

The estimated time for a series of six samples
and two calibration verifications is an 8-hr shift with one

analyst and one apparatus setup.
RELJABILITY

Because no standardized samples of uranium-plu-
tonium oxide are available that contain known amounts of
water the reliability of this method, or of any method for
the determination of water in such materials, cannot be
obtained. The relative standard deviation, obtained from
calibration data (see Calibration subsection), was 19% at
The difficulty of

delivering microliter quantities of calibration material

1 ug of water and 4% at 8.5 ug of water.

may account for a significant part of this uncertainty.

The accuracy of the method is difficult to evaluate be-
cause completeness of water release as a function of tem-
perature and time is not well characterized. As dis-
cussed in the next section a temperature of 400°C seems

to give the most accurate results.

DISCUSSION OF THE METHOD

Because uranium and plutonium oxide materials
are hygroscopic, sample storage conditions such as re-
lative humidity, length of storage, and temperature of
storage may introduce significant errors. This was dem-
onstrated by an experiment in which three mixed oxide
fuel pellets were heated at 600°C and then stored in dif[- ]

5

ferent environments and analyzed for adsorbed water.

The results, summarized in Table I, clearly show that
adsorption of atmospheric moisture is significant and is
directly proportional to the moisture content of the atmos-
phere in which the pellets are stored.

The second variable of prime importance to the
method of analysis is the temperature selected for vola-

tilizing the water. Experimental data obtained at LASLEs]

(5] D. E. Vance, M. E. Smith, and G. R. Waterbury,
USAEC Report LA-4546-MS (1970), pp. 25-6.
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Table I

EFFECT OF STORAGE CONDITIONS ON ADSORPTION .
OF ATMOSPHERIC MOISTURE BY URANIUM-
PLUTONIUM MIXED OXIDE PELLETS PREVIOUSLY
HEATED TO 600°C

ug of Water per g of Pellet

Storage Conditions Released at 400°C

1. Sealed in 2 desic-

<0.1
cator containing
magnesium perchlorate

for 28 hr.

2. Sealed in a desic- 0.7
cator containing
magnesium perchlorate
for 24 hr and then placed
in a dry box with an air
atmogphere at 40% rela-

tive humidity for 24 hr.

3. Sealed over water in a 3.4
container for 24 hr.

with uranium-plutonium mixed oxide pellets previously
stored in a glove box with an air atmosphere of about 50%
relative humidity show an immediate release of water
when pellets are placed in a furnace at 200°C. As the
temperature increases there is no further change until
280 to 300°C, when a second release occurs that is com-
plete at about 200°C. No further release is obtained
between 400°C and 950°C. This indicates that two states
of water, one weakly bound and the other more tightly
bound, are present in the pellets.

The weakly bound state undoubtedly also contains
water adsorbed on the surface of the pellets from the air.
In the absence of well-defined storage conditions for pel-
lets, the amount adsorbed will vary in 2 manner dependent
on the storage history of the pellets and thus introduce a
variable bias in the determination of the bound water.
From the viewpoint of a practical and meaningful analysis,
it has been found that the pellets should be heated at 110°C
for 2 hr to remove this surface-adsorbed water, stored

in a desiccator until analyzed, and heated at 400°C for
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the analysis. These conditions are prescribed for this
method. In addition to giving an accurate measure of
bound water, these conditions will eliminate the effects
of variable conditions of preanalysis storage, whether at
the shipper's facility, in transit, or at the fuel fabrica-
tor. Most important, all laboratories will be on a com-
mon basis for the analysis, and differences between fuel
fabricator and receiver will be minimized.

The initial heating at 110°C is not prescribed

. for ceramic grade uranium dioxide for two reasons. It

is a powder with a large surface area to volume ratio and
the specification limit of 0.5 wt % water is much greater
than are the specification limits for the two types of
pellets.

The method includes other features designed to
produce reliable results. The apparatus is calibrated by
injecting a series of known quantities of hydrogen which
converts to water by passage through a tube furnace con-
taining copper oxide at 500°C. A crucible is not used to
contain the sample, but instead the sample is dropped di-
rectly onto a bed of silica always maintained at 400°C in
the furnace. This eliminates the need for obtaining a
blank value. Tungsten crucibles may react with released
water from the sample at 400°C to produce hydrogen;
platinum crucibles do not react. Ceramic crucibles,
exposed to the atmosphere, adsorb water and require a
preheating period for each analysis. The argon sweep
gas, before contact with the sample, is passed through a
Molecular Sieve 5A column to remove traces of water
and then through a tube containing uranium metal turnings
at 650°C to remove traces of oxygen. Oxygen is re-
moved because it may react with hydrogen either present
in the sample or released from such apparatus compo-
nents as the silica tube in the furnace to produce traces
of water.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

In addition to the general precautions presented
in the INTRODUCTION of this report, the glove box in-

stallation must be designed for furnace operation including
protection of personnel and the burning of gloves.




APPARATUS

Combustion train, see Figures 1, 2, and 3, '

Desiccator containing magnesium perchlorate or equi- 19/38 §—

valent desiccant.

Moisture analyzer, CEC Model 26-303, or equivalent,

with strip chart potentiometric recorder output.

Oven, 110°C operation, for initial drying of pellet sam-
ples,

Planimeter. An electronic integrator, such as Info-

tronics Model CRS-100T, may be used instead. !

330 mm

REAGENTS Bopacod T

Argon sweep gas. Nitrogen gas may be substituted. FusED %A?:
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Figure 2. Fused silica furnace tube for heating samples.

Magnesium perchlorate, anhydrous.

Tin foil for containment of ceramic grade uranium diox-

ide powder samples. Small tin capsules, available from

B the Leco Company, are conveniently used for this pur-

pose.

Uranium turnings, natural or depleted.

L === J PROCEDURE

Blank

A blank measurement is not required provided

that the combustion furnace is mamtained at the operat-

ing temperature of 400°C, that argon is swept through

the system continuously or at least 12 hr prior to the anal-
Figure 1. Layout of system components. .
ysis of samples, and that the Molecular Sieve 5A column
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Figure 3. Sample dropper.

and the furnace containing the uranium metal turnings are
kept in prime condition. Verify at least weekly that the
system is giving an insignificant blank value by passing
the argon sweep gas through the system for 30 min and

recording the water release.

Ceramic grade uranium dioxide samples are
packaged in tin foil or capsules before transfer to the fur-
nace. Keep the foil or capsules in a desiccator until just
before use. Determine a blank on each batch of foil or
capsules after desiccator storage for at least 24 hr. Per-
iodic measurement of this blank is not necessary if the
blank is small compared to sample values and if the at-
mospheric conditions do not change after the foil or cap-

sules are removed from the desiccator.
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Calibration

Process three each of at least six different vol-
umes of hydrogen gas between 1 ul and 100 ul by inject-
ing them into the septum with chromatographic micro-
pipets and flowing them through the cupric oxide furnace
at 500°C (see Figure 1).

Calculate the equivalent micrograms of water injected by:

- (18) @73) (P) ulH,)

0 .
HelHy (760) (22.4) (T)
0.289 (P) (ilH,)
-,
in which

P = atmospheric pressure, Torr,
ul H2 = microliters of hydrogen injected ,
= ambient temperature, 0K(OC + 273).
Compute a least-squares, linear calibration equation:
A =B+m (ugHy0),
in which
A = integrated area from recorder output ,
B = intercept value ,
m = slope value,

ug HZO = equivalent micrograms of water injected .

Verify this equation each shift during periods when
samples are analyzed by processing two hydrogen gas in-
Jections, such as 10 and 50 ul. Maintain a quality control
chart for these verification resuits. If the results from
both injections do not agree with the least-squares linear
equation within the .05 significance level, investigate the
cause for the difference, rectify the difficulty before ana-
lyzing samples, and prepare a new calibration if necess-

ary.

Sample Analysis
NOTE: Before analyzing samples, start the cool-
ing water flow to the sample dropper and sweep argon

through the system at a flow rate of 100 cm3 /min with the



furnace operating at 400°c until the base line stabilizes.
The output of the integrator, if used, must be essentially
zero before analyzing samples (see subsection Blank).

If not, rectify the difficulty.

1. Heat a weighed uranium-plutonium mixed oxide or
uranium dioxide insulator pellet at 110°C for 1 hr and
immediately transfer the pellet to the water analysis
apparatus or to a desiccator containing anhydrous
magnesium perchlorate.

This step removes surface adsorbed moisture
(see DISCUSSION OF THE METHOD). The pellet
is weighed before heating because water may be
readsorbed if the pellet were exposed to an am-
bient atmosphere when cool. The loss in weight
of the surface moisture does not significantly af-
fect the calculation of the final results.

2. Transfer a surface-dried pellet from the desiccator
or a weighed 10- to 20-mg sample of ceramic grade
uranium dioxide wrapped in a piece of tin foil or
placed in a tin capsule to the sample dropper.

Refer to Figure 3.

Store the tin foil or capsules in a desiccator. The
atmosphere in which the sample is weighed and
placed in the tin foil or capsule must be main-
tained at a consistent relative humidity and tem-
perature to maintain a consistent adsorption of
atmospheric moisture (see Blank subsection).

3. Position the cap over the sample dropper, flush the

cap with argon set at a flow rate of 100 cms/min for

at least 30 sec, then cap the dropper.

4, Start the moisture monitor and potentiometric recor-

der and observe the baseline trace.

5. When the baseline trace has stabilized, drop the sam-
ple into the furnace set at 400°C.
The time required for baseline stabilization us-
ually is about 3 min.
6. Continue the analysis until the potentiometric recor-
der trace returns to the previously recorded base-
line for at least 1 min.

The usual time of heating for pellet samples is
30 to 45 min.

Calculations

Measure the integrated area on the poten{iometric

recorder scan with a planimeter or with an electronic in-

tegrator for each sample.

Calculate the micrograms of water per gram of pellet
sample by:

AS-B
KE Hy0/8 = —og

in which

AS = integrated area from recorder output ,

B = intergept value from the least-squares

linear calibration equation,

m = slope value from the least-squares linear

calibration equation,
W = weight of sample, g.

Calculate the micrograms of water per gram of ceramic

grade uranium dioxide sample by:

AS-B-b
we H,0/8 = —

in which
all terms are the same as above, and

b =ug of water for tin foil or capsule blank.
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DE TERMINATION OF TOTAL VOLATILES IN
CERAMIC GRADE PLUTONIUM DIOXIDE AND
SAMPLE PREPARATION OF PLUTONIUM
DIOXIDE FOR IMPURITY ANALYSIS

SUMMARY

Total volatile material in ceramic grade plu-
tonium dioxide is determined simply by measuring the
weight loss of a sample when heated at 950 + 25°c.
With a 1-g sample, the relative standard deviation

ranges from 1.2 to 6% over the range of 2.5 to 0. 5%
total volatiles.

APPLICABILITY

This method is applicable to ceramic grade plu-
tonium dioxide as described in RDT Standard E13-1. (1]
The specification limit for total volatiles in this mate-
rial is 2.5 wt . The lower limit of the method is con-
trolled only by the sensitivity of the balance used for the
weight measurements. A 1-g sample is recommended
for material containing between 0.5 and 2. 5% total vola-
tiles. Interferences are not considered because the
specification states that only a weight loss is to be mea-
sured under defined conditions. The actual man-power
time to analyze a group of four or more samples is about

15 min per sample.
RELIABILITY

For 1-g samples and the use of a balance with
a standard deviation of 0.2 mg, the precision is between
1.2 and 6% relative standard deviation for a total vola-
tile material content of 2.5 to 0.5 wt 7.

DISCUSSION OF THE METHOD

The ceramic grade plutonium dioxide presently
used for LMFBR/FFTF fuel is produced by heating pre-
cipitated plutonium oxalate or plutonium nitrate at the
relatively low temperature of 550°C. Such material may
contain relatively large amounts of water and carbona-
ceous matter, and after cooling may also adsorb atmos-

pheric water and gases. The purpose of the analysis is

(1] RDT Standard E13-1 "Fast Flux Text Facility-
Ceramic Grade Plutonium Dioxide" (October 1970).

to provide a common basis for assay results both by the
producer and by the consumer. The method also pro-
vides for the requirement, stated in RDT Standard E13-1,
that ceramic grade plutonium dioxide must be ignit ed

at 950 = 25°C prior to analysis of the material for im-

purity contents.

The method is straightforward and simple, in-
volving the ignition of a weighed sample to constant
weight at the specified temperature. Because the re-
sults are important, especially as they apply to the plu-
tonium assay value, careful laboratory operations are

required to maintain a reasonable level of reliability.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

In addition to meeting the requirements for radio-
logical control, the glove box design and operations must
be such to minimize fire and personnel hazards from the

furnaces.
APPARATUS

Analytical balance, minimum weighing precision of 0.2

mg standard deviation over range of 5 to 50 g.

Crucibles, 5-ml, platinum, zirconia, quartz, or cera-

mic, capable of use at ~ 1000°C.

Desiccator, filled with a maintained supply of fresh des-

iccant such as silica gel.

Furnace, large enough for at least six crucibles, capable
of sustained operation at 950°C with regulation to + 10°C.

REAGENTS
No reagents are required.
PROCEDURE
Blank
A blank measurement is not required.
Calibration

Inasmuch as the analytical measurement is only
a weight change, no calibration materials will be pro-
vided for this method. The analytical balance weights
shall be calibrated in place in the glove box with at
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least class S weights prior to production startup and at
monthly intervals during production periods.

The furnace temperature readout system shall be
verified at the 950°C level at monthly intervals during
production periods.

Sample Analysis

Note: In many of the steps, heating to constant weight is
required. Constant weight is defined as a maximum dif-
ference of 0.2 mg between two successive weighings.
The operations shall be repeated until constant weight is
attained.

1. Transfer about 1 g of the sample to a crucible that
has been tared to constant weight at 950 + 25°C.

Various crucibles are satisfactory; see section
APPARATUS. Larger amounts of material may
be used to give improved precision. Also, larger
amounts may be desirable when preparing mater-
ial for other analytical measurements; see sec-
tion DISCUSSION OF THE METHOD.

2. Weigh the crucible and contents to + 0.2 mg.

3. Place the crucible in a cold furnace.

Loss by spattering may occur when a moisture-
laden sample is placed in a hot furnace.

4. Raise the temperature to 110°C, hold at this tem-
perature for 30 min, then raise the temperature to
950 + 25°C for 1 hr.

Too rapid heating may cause spattering loss
caused by rapid expansion of adsorbed water.

5. Remove the crucible from the furnace, let cool to
about 200°C, and place in a desiccator for final
cooling to room temperature.

Atmospheric moisture and gas may be reabsorbed
should the sample be allowed to cool to ambient
temperature in the glove box atmosphere.

6. Weigh the crucible and its contents.

7. Repeat steps 4, 5, and 6 until constant weight is
attained.

On repeated heating cycles, the sample may be
placed directly in the furnace at 950 + 25 C for
20-min periods.
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8. Reserve the ignited sample in a desiccator for other
specification analyses.

See section DISCUSSION OF THE METHOD,

Calculations

100(I - C)
vV = —§-T ",

in which
V = total volatiles in sample, wt %,
I = constant weight of ignited sample and
crucible, g ,
C = constant weight (tare) of crucible, g,

= weight of sample and crucible, g.

Note: Where the weighings are made to constant weight,

use the average weight for calculations.



DISCUSSION OF THE OXYGEN 17O METAL (O/M) RATIO
DETERMINATION

The ratio of oxygen to uranium plus plutonium

.(O/M ratio) in sintered mixed oxide fuels affects cer-
tain physical and chemical properties of these fuels that
are very important {0 nuclear reactor core performance.
For example, the melting point of (UO. 8Pu0.2)01.972 is
approximately 100°C higher than the melting point.of a
mixed oxide with the same U/Pu ratio but a stoichiomet-
ric O/M ratio of 2. 00. (1] The thermal conductivity of a
sintered uranium-plutonium mixed oxide with an O/M ra-
tio of 1.95 or 2. 05 is about one-half the thermal conduc-
tivity for the stoichiometric ratio of 2. 00.& ]The O/M ra-
tio also influences the number of phases present in the

(3]

is thought to depend both on the U/Pu ratio and the extent

mixed oxide. A second phase has been reported which
and direction of departure from the stoichiometric com-

position.

Other properties affected by the O/M ratio are
chemical reactivity toward the cladding and ceramic
strength. The former is of particular importance because
it involves the amount of oxygen available for reaction
with cladding material, particularly in the early stages
of core life. It also influences the formation of oxides

of certain fission-product elements.

Because of the influence on important physical and
chemical properties indicated above, which, in turn, have
important bearings on core behavior, it is essential that
an accurate and precise method be developed for measure-
ment of the O/M ratio. The problem is complicated by
the lack of well-characterized materials necessary for
the calibration of methods. Further complications may
arise from the fact that UO2 does not exist as a hypo-

stoichiometric oxide and Puo2 does not exist as a hyper-

(1] W. L. Lyon and W. E. Bailey, Trans. Amer. Nucl.
Soc. 8, 376 (1965).

(2] J. C. Van Craeynest and J. C. Weilbacher, J. Nucl.
Mater. 26, 132 (1968).

(3] T. L. Markin and R. S. Street, J. Inorg. Nucl.
Chem. 29, 2265 (1967).

stoichiometric oxide. In this latter case, excess oxygen

is considered to be

corresponding to a formula PuO2 x

caused by adsorbed oxygen.

(4]

One of the first methods for this measurement
involves oxidation of the mixed oxide sample (in pellet
form) in air at 750°C long enough to produce an oxygen-
rich oxide, after which the resultant product is reduced
to a constant-weight oxide at 700°C in a flowing dry at-
mosphere of 95% He - 6% Hz. The sample is cooled to
room temperature in this same flowing dry atmosphere,
then weighed. The O/M ratio is calculated from the
change in weight between the original sample and the
cooled product on the basis that the product is stoichio-

metric MO This assumption was not proved at the

time of thezc;x?i(;inal announcement of the method. Subse-
quent work[5] with starting materials of highly purified
plutonium and uranium metals showed clearly that oxides
obtained under the conditions of reduction stated above
are oxygen-rich and that a temperature of 1000°C was
required to produce stoichiometric oxides. These re-
sults, however, cannot be unequivocally extrapolated to
mixed oxides with their single phase or solid compound
composition.

A similar gravimetric method, described by
Chikalla and McNeilly, (6] is based on thermodynamic
congiderations. This technique involves measuring the
weight change that occurs when an oxide sample is
heated at 800°C for 6 hr in an atmosphere in which the
oxygen potential is maintained at approximately -100
kcal/mol. It was postulated that an atmosphere having
an oxygen potential of approximately -100 kcal/mol pro-

duces an O/M ratio of 2. 00 regardless of whether the

4] W. L. Lyon, General Electric Company Report,
GEAP-4271 (1963).

(5] J. W. Dahlby, T. K. Marshall, G. C. Swanson,
and G. R. Waterbury, USAEC Report LA-4284-MS
(1969), pp. 17-18,

(6] T. D. Chikalla and C. E. McNeilly, "Deter mination
of Oxygen/Metal Ratios for Uranjum, Plutonium,
and (U, Pu) Mixed Oxides, " National Ceramic Society
Meeting, Washington, D.C., May 3-8, 1969.
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starting oxide is hyper- or hypostoichiometric and is ap-

plicable to materials containing from 0 to 100% PuO2 in

UOZ' The thermodynamic considerations upon which this

technique is based involve the range of the partial molar
free energy of oxygen in the vicinity of the stoichiometric
(7]

composition. Based on galvanic cell measurements,
this value of A(_;(Oz) at an O/M ratio = 2. 00 varies from
about -75 to -115 keal/mol O, at 800°C and is essentially
independent of the composition of the mixed oxide up to
30% Pqu.
that a one-step heat treatment in an atmosphere having

From these considerations, it would appear

an oxygen potential in this range should produce a stoi-
chiometric oxide regardless of whether the sample was
initially hypo- or hyperstoichiometric. In the procedure,
the sample of sintered mixed oxide is heated at 800°C for
6 hr in a flowing gas of 92% Ar-8% H, containing water at
a partial pressure of 4 Torr obtained by circulating this
gas over water at 0°c. The sample is cooled to room
temperature in the same flowing gas, then weighed. Again

the O/M ratio is calculated from the change in weight.

Although reproducible results were obtained, the
supposition that the final product was indeed the stoi-

chiometric oxide was never proven by chemical analysis.

8]

Subsequent work[ at LASL in which U30 and oxygen-

8

rich PuO 7 prepared from high-purity uranium and

2.01
plutonium metals were subjected to the above conditions
showed that the oxides produced were not stoichiometric

MO, 2.019 2.016°
When the starting materials subjected to the treatment

but had compositions UO and PuO

were high-purity uranium and plutonium metals, oxides

of U02.008 and Pu02.000

sure time was increased from 6 to 32 hr. Upon increas-

were obtained when the expo-

ing the temperature to 1250°C and by using a water-free
atmosphere of 92% Ar-8% Hz, uo
20 hr of treatment.

2. 00 was formed after

L7] T. L. Markin and E. J. Mclver in "Plutonium 1965,"
Chapman and Hall, London (1967), pp. 845-857.

(8] J. W. Dahlby, G. R. Waterbury, and C. F. Metz,
“The Determination of Oxygen to Metal Atom Ratios
in Sintered Oxides, ' 13th Conference on Analytical
Chemistry in Nuclear Technology, Gatlinburg,
Tennessee, Sept 30-Oct 2, 1969.
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Recent unpublished work by Chikalla and co-work-

ers[9 ] has indicated that the conditions of their earlier

method[ 6 should be modified so that the sample at the
end of the 6-hr heating is cooled in dry 92% Ar-8% H2
gas in order to obtain nearly stoichiometric oxides.
Starting with high-purity plutonium and uranium metal
samples, the resulting products were Pqu.002 £ 0.0057

and U0, 496, 9. 002

[10]

Another oxidation-gas-reduction method »
widely used at Harwell for determining O/U ratios in

UO,, uses COat 850°C to reduce the hyperstoichio-

metric oxide to UO The amount of CO2 produced

2.00°
is considered a measure of the "excess" oxygen in the

original sample. f1]
to determine the O/Pu ratios in hypostoichiometric PuO,

A similar method has been used
by producing an oxygen-rich product with a measured
amount of oxygen. If the oxide is a powder, the conver-
sion may be followed by reaction with CO at 850°C and
subsequent measurement of the 002 produced. This
latter method has been applied to determining O/M ra -
tios in oxygen-rich mixed oxides by Markin and co-work-

ers[ 12]

who related the method to the thermodynamically
based high-temperature galvanic cell data for O/U ratios.
From these data, AG(OZ) for Uoz‘ 00 has been found to
vary between -103 and -108 keal/mol at 850°C. Since
this range is essentially the value of AE(OZ) for COZ/CO
ratios of 1/10, it was reasoned that such a mixture of
002 and CO should reduce a hyperstoichiometric UO2 to
stoichiometric UO, .

2
expected values were reported to be obtained by this re-

Values of A(_}(Oz) very close to the

duction procedure. This report also states that data ob-

tained in unpuﬁlished work for PuO_ and mixed oxides

2

(9] T. D. Chikalla to C. F. Metz, private communica-
tion (December 1969).

(10] L. E. J. Roberts and E. A. Harper, UKAEA Re-
port AERE-C/R 885 (1952).

{11] T. L. Markin, E. R. Gardoer, and R. J. Bones,
UKAEA, unpuhlished work.

(12] T. L. Markin, A. J. Walter, and R. J. Bones,
UKAEA Report-AERE-R-4608 (1964).



agreed very closely when these oxygen-rich materials
were reduced with a 1/10 mixture of CO,/CO at 850°C.
The final composition reached should not be critically
dependent on the composition of the gas used since AE(Oz)
varies widely with only a slight change in composition in

11]

this region as indicated in Figure 1. For the mixed
oxides in particular , an enormous change in A_G(Oz) oc-

curs between compositions of MO and MO

1.99 2.01° The
obvious inference is that the stoichiometric composition
occurs at the steepest part of the curve, i.e., A@(OZ) =

-100 kcal/mol.

A nondestructive method has been reported by
Markin and Bones hs ]which involves a high-temperature
galvanic cell of the type Ni, NiO/ZrOZ, CaO/U02+x. The
cell operated reversibly so long as the oxygen potential
of the uranium oxide was higher than that of the Ni, NiO
standard. A plot of emf isotherms at 877°C and 977°C
versus O/U ratio as determined by CO reduction of urani-
um oxide at 850°C with a 1/10 CO,/CO mixture forms
the basis of the analysis. The composition of an unknown
oxide may be determined by measuring the emf of a pel-
let of the oxide versus the Ni/NiO standard. Values of
the emf at 877°C and 977°C may then be read from the
above plot. Errors in estimating the oxygen content by
this method are estimated to be + 0. 005 O/U units. This
method has not been applied to the determination of O/M
ratios of mixed oxides.

(14]

Another method has been reported which
seems to have promise for the measurement of O/M ra-
tios, especially for high-purity fuels. Involved is the
direct measurement of the three elements in question,

U, Pu, and O. Using an inert gas-fusion method for

the oxygen and a controlled-potential coulometric method
for the uranium and plutonium, the precision of the me-

thod was found to be = 0. 005 for the O/M ratio. In this

technique, the accuracy and precision of the final result

(13] T. L. Markin and R. J. Bones, UKAEA Report
AERE-R-4042 (1962).

(14] c. S. MacDougall, M. E. Smith, and G. R. Water-
bury, Anal. Chem. 41, 372 (1969).
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Figure 1. Effect of O/M ration on AE(OZ) (see Ref. 12),

are the statistical combination of the measurement relia-
bility for each element. The method appears useful in
verifying thermogravimetric methods for high-purity
oxide fuels.

A thermogravimetric technique has been des-

cribed by D. H. Schmitt!®]

which uses samples weigh-
ing between 5 and 25 mg. The method has the distinct
advantage of permitting one analysis per sample in about
2 hr as compared to 8 hr or more required for larger
samples. Another advantage of a small sample size is
that it permits replicate analyses of a single sample, such
as a pellet, thereby permitting more reliable statistical
information on the precision of the method because dif-
ferences between pellets do not become involved. For
this to be true, however, the assumption must be made

that the O/M ratio is constant throughout the pellet.

In Schmitt's method, one or more pieces from a

crushed (not ground) mixed oxide pellet are weighed,

(15] ‘D. H. Schmitt, Babcock and Wilcox Report-4088-1
1969).
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oxidized in air at 850°C, and then reduced at 850°C in an
atmosphere of 6% H2-94% NZ’ The assumption is made
in this method, as in the other thermogravimetric meth-

ods, that the final product is (U, Pu) O " Because no

adequate standards are available to cazli::ate this or any
method, an unbiased method must be assumed. The
weighing is done by an electrobalance and weight changes
are followed by a suitable recorder. The thermogram as
plotted by the recorder is a complete record of the weight
changes as well as the initial and final weights. The re'-

lative standard deviation was reported to be 0.176%.

During the development of the method, it was
found that high-purity stoichiometric USOS(N BS SRM
950a) could not be used as a standard because its reduc—
tion behavior was quite different from that of sintered
mixed oxide, and required a higher temperature of 1050°C
to obtain U Subsequent experiments with PuQO_ in-

2.00° 2

dicated that some reduction of PuO2 occurred at this
higher temperature to form a slightly hypostoichiometric

oxide.

Aside from the correlation between emf measure-
ments of high-temperature cells and the O/U ratios as
determined by CO reduction of uranium oxide at 850°C
with a 1/10 gas mixture of coz/com], there has been
little cross-verification of results by various methods.
One exception to this situation is known. In 1969, a pro-
gram[m] of analysis of LMFBR/FFTF fuel included the
deter mination of O/M by seven laboratories using a
batch of sintered pellets prepared at 1600°C in a hydrogen
atmosphere which should have produced a fairly uniform

material. At
]

and hypostoichiometric (UO. 66pu0.22)02-x
the time the program was initiated, the method of Lyon
was available to all participating laboratories and it,
therefore, was recommended, The essential conditions
were oxidation of the sample pellet in a flowing air stream
for 30 min at 750°C followed by a reduction with a flow-
ing stream of 94% He-69%, H2 for 9 hr at 700°C. Gener-
ally, the participating laboratories did not adhere to these

conditions, preferring other conditions of temperatures

(16] J. E. Rein, R. K. Zeigler, and C. F. Metz, USAEC
Report LA-4407 (1970).

150

and times which they considered would yield stoichiomet-
ric oxides. The conditions used by the various labora-
tories for the thermogravimetric conversions are sum-

marized in Table I.

The laboratories were asked to analyze three
pellets, two whole pellets and a crushed pellet. Labora-
tories M, W, and Q did not do this but analyzed three
whole pellets instead. The data are summarized in

Table II.

A statistical analysis of variance showed a sig-
nificant difference between laboratories. This difference
includes both the between-laboratory component and the
between-pellet component. The data were bimodal in

that laboratories Q and G formed one group with no

TABLE 1.
Condittons Ueed for the Thermogravimetric Analyeis
of the O/M Ratto of Sintered Mixed Oxide

Laboratory Method Oxtdatioa Reducifon

D Lyon unmodified 750°C, 0.5 hr 700°C, 9 hr
Lyon modifted 900°C, 1 br 900°C, 3 hr

c Lyon modifled 750°C, 1 hr 1000°c, 9 br
L Lyon modifted 900°C, 0.5 hr 900°C, 8.5 hr
M Lyon modifted 950°%, 2.5 br'™! 950°C, & ne™
w Chilalle 800°C, 6 hr (one step)
Q Lyon modifted pso°c’e! aso°c®ire!
N Lyon unmodifted 150°C, 0.8 hr 100°c, 9 br

{s] Used pure oxygen rsther than sir,
(b) Used 94% Nz-s‘; Hz rather than 94% He-6% Kz.
{c! Hestad until constant weight was obtatned.

TABLE 1.
Reported Results, Aversges, and Standard Devtstions
for the O/M Rstto

Standard
Laboratory Reported Values Average Devtstton
D 1.972 1.967 1.954®! 1.973 0.012
{Lyoa uamodifted)
(Lyon modifted  1.968 1.963
G 1.980 1.988 1,992 1.988 0.008
L 1.965 1.987 1.963™ 1.985 0.002
M 1972 L9m 1.967 0.008
1978 1.980
w 1974 191 1.970 1972 0.002
Q 1961 1.088® 19920 1.988 0.003°
N 1.9712 1978 1964 1.970 0.008
Pocled Data 1.975 0.008

{#] Crushed whalas pallet anaiyzed.
(b) 8mal) pteces of pellet analyzed.




statistical difference between them and laboratories M, D,
\¥, N, and L formed another such group. There was a

significant statistical difference between the two groups.

An attempt to correlate the results of those lab~
oratories using Lyon’s method with the stated conditions
of temperature and time was not successful. Although
not statistically significant, the O/M results using
crushed pellets or small pieces of pellet 2s the sample
tend to be higher than the results obtained with whole
pellets. Higher results reflect a more complete reduc-
tion of the oxidized sample,which can be attributed to the
larger surface area of smaller sample pieces. Gas-solid
reactions are characteristically slow and require large
contact areas to attain completion in reasonable times.
For this reason, the use of crushed samples is recom-

mended.

The above study also provided a comparison of
the method that used a small sample size [15](1aboratory
Q) with the method using a large sample size and oxi-
dation-reduction conditions that had produced stoichio-
and PuO

2.00 2.00
uranium and plutonium metals (laboratory G). Since the

metric UO, starting with high-purity
results obtained by these two laboratories were not sta-
tistically different, it suggests that neither method is
biased significantly. On the other hand, it may be argued
that the methods used by the other five laboratories

are not biased since the results obtained by them agree.
This argument, however, should be tempered by the fact
that the reduction temperatures used for large samples
by the five laboratories were lower than the temperature
used by laboratory G, and the reduction times also were
generally less., It is expected that the product obtained
at a lower reduction temperature and shorter time will
be oxygen-rich which results in 2 calculated O/M ratio
value that is biased low.

Based on the considerations discussed above and
the fact that laboratories in the United States have the
equipment and personnel experienced with the thermo-
gravimetric methods using large samples, such a method
is given here for the determination of the O/M ration in

uranium and plutonium oxide samples. 1t is a modifica-

tion of Lyon's method using higher temperatures both for
the oxidation and reduction phases. It has the status of
an interim method until 2 method can be developed that
is proved to give unbiased results. It is important to the
LMFBR/FFTF program that all laboratories use the

same method to minimize between-laboratory differences.

1
The method of Schmitt, C 5]with its advantage of

speed and use of small samples, merits careful consid-
eration for future use by other laboratories. Before adop-
tion by a laboratory, experimental data should be obtained
which show that results obtained by the method agree with
resulis obtained by the method given here.

.o
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DETERMINATION OF THE OXYGEN TO METAL RATIO
BY THERMOGRAVIMETRY

SUMMARY

The dried sample is heated in air at 1000°C for
1 hr to produce an oxygen-rich oxide and is then heated
at this temperature in a flow of dry 94% He-6% H2 for
6 hr to reduce it to the dioxide. The dioxide is allowed

to cool while the same gas mixture is circulated over it,

weighed again, and the result is calculated from the mea-
sured weight change. The standard deviatiop is about
0.001 O/M ratio units.

APPLICABILITY

The method is applicable to all four oxide mater-
ials. Impurities in the materials can cause a bias be-
cause the relative weight change produced in them during
the ignition is different from the relative weight change
produced in the uranium and plutonium. For the rela-
tively pure material nominally produced, this effect is

expected to be negligible.
RELIABILITY

The standard deviation of the method is about

0.001 in the O/M ratio with high-purity samples and a
sample size of 2 g. The bias of the method has not been
determinable because well-characterized uranium-plu-
tonium mixed oxide with known O/M values have not been
available. Based on the studies presented in the pre-
ceding discussion, the bias, however, is believed to be
small. More important, the use of this method by all
laboratories will minimize between-laboratory differ-

ences .

DISCUSSION OF THE METHOD

The method is based on the reduction of an oxy-
gen-rich oxide sample to constant weight, assumed to be
the stoichiometric oxide, by a flowing gas mixture of

94%, He-6% H2 at 1000°C. As in many gas-solid reac-

tlons, the reaction rate is slow, requiring the use of
small particle samples and a relatlvely long reaction
time. Pellet samples should be crushed in a diamond
mortar with a hammer to particles whose individual
weight is not greater than 75 mg. Grinding to a powder
is not recommended because exposure of a large surface
area may result in adsorption of the containment atmos-

phere.

This is considered an interim method for the rea-
sons presented in the discussion preceding this method.
Reading of this section is strongly recommended to gain
a fuller understanding of the many problems associated
with the determination of the O/M ratio.

OPERATING INSTRUCTIONS

SAFETY PRECAUTIONS

Special precautions applying to this method are
proper design of the furnace and proper operational pro-
cedures to prevent electrical shocks and thermal burns

to personnel.
APPARATUS

Boats, fused silica, 120-mm length, 19-mm width, and
12-mm depth.

Drying tower, glass, containing anhydrous magnesium
perchlorate, for predrying of gases flowing to furnace
tube.

Flo-Gage, Bantam, 5 to 100 cms/min of carbon dioxide,
recalibrated for 5 to 100 cms/min of hydrogen, Hoke No.
62224, or equivalent.

Flo-Gage, Bantam, 100 to 700 cms/min of oxygen, re-
calibrated for 100 to 2000 cms/min of helium, Hoke No.
62223, or equivalent.

Furnace, tube-type, 12-in. long and 1.25-in. diam, 750 W,
Hevi-Duty, or equivalent.

Gas mixing apparatus, consisting of the above Flo-Gages,
two needle valves (Hoke No. 4171 M2B, or equivalent) and

the necessary copper tubing and connectors. The flow
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rates of hydrogen and helium from cylinders are regula-
ted with the needle valves to approximately 1400 cm3 /min

of helium and 90 cm?/min of hydrogen as measured by the

respective flow meters.

Induction heating unit, 2.5- kW, with accessory equip- .

ment.

Pyrometer, 0 to 1000°C range with Chromel-Alumel

thermocouple.
Timer, interval, 0 {o 12 hr.

Tube, furnace fused-silica, 500-mm length and 28-mm

o.d., with 29/26 joint end cap.

Variac, 110-120 V, 10 A.

Water bubbler, consisting of U-tube containing water and
submerged in ice in a 1-1. Dewar flask.

REAGENTS AND MATERIALS

Argon, high-purity.
Helium, high-purity.
Hydrogen, high-purity.

Plutonium metal, high-purity with total impurity concen-

tration less than 200 ug/g.

Plutonium oxide. Prepare by oxidizing an accurately
weighed portion of the high-purity metal slowly in air
at 150 to 200°C until the weight is constant, and then
heating at 800°C for 16 hr. Calculate the O/Pu ratio
from the weight change.

Uranium metal, high-purity with total impurity concen-
tration less than 200 pug/g. ' B

Uranium oxide. Prepare by oxidizing an accurately
weighed portion of the high—purity metal in air by heat-
ing slowly to 900°C for about 24 hr, then maintaining
this temperature for 16 hr. Calculate the O /U ratio

from the weight change.
PROCEDURE
Blank

A blank is not required in this method.
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No calibration materials are available. Test the
apparatus 2t least weekly by ensuring that a 8/1 blend of
U308 and PuO2 prepared from the high-purity metals con-
verts {o an oxide having a weight equal to that of stoi-
chiometric dioxide by the operations described in steps 2

through 10 of the subsection Sample Analysis.

Sample Analysis

1. Crush two or three pellets in a diamond mortar imme-
diately prior to the analysis.
One or two blows with a hammer usually are suf-
ficient. Avoid excessive crushing that produces
fine particles.
2. Heat a sample boat to 1000°C in air for about 1 hr,
cool to room temperature in 2 stream of dry argon,

and weigh to = 0. 1 mg.

3. Transfer about 2 g of the crushed sample to the sam-
ple boat.
Do not use any pieces larger than 75 mg. After
experience is gained, visual selection of the
pieces is adequate.
4. Place the boat with sample into the furnace tube and
heat for 1 hr at 100°C in a stream of dry argon at a
flow rate of about 500 cms/min.

Surface adsorbed moisture is removed.

5. Let the sample cool to room temperature while re-
maining in the dry argon flow, then weigh to =+ 0.1 mg

The difference between this weight and the tare
weight of the boat (step 2) is the initial sample
weight.

6. Replace the sample in the furnace tube and, with the
end cap removed,increase the temperature to 1000°C.
This requires about 1 hr.
Air diffuses to the sample to produce the oxygen-
rich oxide.
7. Place the end cap on the furnace tube and flow the dry
94% He-6% H2 gas mixture through the furnace tube
at a flow rate of 1500 cms/min for 6 hr.

Maintain the temperature at 1000°C during the
6-hr period.



The sample reduces to the assumed stoichio-
metric oxide.

8. Turn off the furnace and let the sample cool to room

temperature while remaining in the dry 94% He-6%

H2 gas mixture flow.

Proceed immediately to the next step after the
sample reaches room temperature. Prolonged
exposure of the sample to air may result in a
weight change.

9. Weigh the boat with sample to + 0. 1 mg.

10. Repeat steps 6 through 9.

The allowable difference in the two obtained
weights is + 0.2 mg. If this difference is ex-

ceeded, repeat steps 6 through 9 until agree-
ment is attained.

R

in which

R

Calculations

MW, - W,)

=2.000 - Trr——t
16 (W, -W,) °

= O/M ratio,

M = mean molecular weight of the uranium-plu-

tonium mixed oxide sample calculated on the
basis of the nominal U/Pu ratio and an as-

sumed O/M ratio of 2.000,

Wf = final weight, g, of boat with sample after

W,
i

Y%

reduction (step 9 in subsection Sample Ana-
lysis),

= weight, g, of boat with sample after initial
drying at 100°C in dry argon (step 5 in sub-
section Sample Analysis),

= tare weight, g, of boat after heating to 1000°c
for 1 hr (step 2 in subsection Sample Ana -
lysis ).

MaD,ALT: 605 (300)
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