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ABSTRACT

Microgram quantities of silicon are separated from plutonium by se-
lectively precipitating plutonium (III) and (IV) fluoride, and the silicon
in the supernatant solution is determined spectrophotometrically as the
reduced silicomolybdic acid complex. Boric acid is used to complex
and prevent interference caused by the excess fluoride ion during the
formation of the blue silicomolybdic acid complex. The absorbance of
the complex is measured at a wavelength of 825 mu. Based upon 14
determinations each of 52, 104, and 152 ppm of silicon in plutonium
(10.4, 20.8, or 31.4 ug. of silicon added to 200 mg. of plutonium), the
relative standard deviationh of the method was found to be 3.7, 1.8, and
2.8%, respectively. The molar absorptivity of 16, 600 calculated from
these data shows that 10 ppm (2 ug. of silicon in a 200-mg. plutonium
sample) can be determined reliably. High concentrations of chromium,
germanium, iron, nickel, or potassium interfere in this determination.

ACKNOWLEDGMENT

The authors gratefully acknowledge the assistance and helpful suggestions

of Charles F. Metz under whose supervision this work was performed.



| THIS PAGE
WAS INTENTIONALLY
~ LEFT BLANK



CONTENTS

Page
Abstract . .. ............. 3
Acknowledgment _ ., ., ,,,.,.., 3
Introduction, [, . ., , .., ...... T
Experimental ., ., ., .,.,..... 8
Apparatus and Reagents e e ., 12
Sample Preparation , _ , . . .. ... 13
Recommended Procedure, , , ., . . 14
Reliability, . , .. ........... 16
References , , , ., ., .......... 17



~ THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



INTRODUCTION

Several years ago, the need for a reliable means of determining micro-
gram quant'ities of silicon in plutonium led to the development by M, E,
Smith(3) of a spectrophotometric method for this purpose. In this
method hydrofluoric acid is added to the chloride solution of the plu-
tonium sample to precipitate plutonium (III) and (IV) fluorides and to
"activate' the silicon. The precipitate is separated by centrifugation,
excess fluoride is complexed with aluminum ion, and the silicon, ‘as the
reduced silicomolybdate complex, is determined spectrophotometrically .
at a wavelength of 825 millimicrons. This method was applied satis-
factorily to the determination of silicon in many plutonium metals
although some uncertainty was introduced by the high absorbances of
the reagent blanks (0,200 to 0.300). Thereforé, when the need arose
recently to determine small concentrations of silicon in plutonium, the
method was reinvestigated to find a means of reducing the high blanks.

Smith!3)

suggested that complexing the excess fluoride ion with boric
acid in place of the aluminum chloride should reduce the blank., This
proved to be the case. However, with the above change, it was found
that the pH at which the silicomolybdic acid is formed becomes more
critical. The exact pH for maximum absorbance was redetermined, and
the proper conditions for obtaining the desired ?H were found. .This

3

report describes the modifications to Smith's method that have re-

duced the reagent blank and improved the analytical rcsults.



EXPERIMENTAL

Effects of Boric Acid and Aluminum Complexing Agents on Absorbance

The effect of substituting boric acid for aluminum chloride as the com-
plexing agent for excess fluoride was investigated by analyzing reagent
blanks and known solutions each containing 8.7 micrograms of silicon.
These analyses were made as described in the method developed by
Smith, (3) except that boric acid was used in place of aluminum chloride
in some of the determinations. To each sample solution 0.3 milliliters
- of 24 percent hydrofluoric acid were added to "activate' the silicon,
thén the excess fltioride ion was complexed with 330 milligrams of .
aluminum added as the chloride. When boric acid was the complexing
agent, 500 milligrams were used. The silicomolybdic acid condplex was
formed by adding 1 milliliter of 5 percent ammonium molybdate solution
‘and adjusting the pH to 1.2 to 1.3. This complex was reduced, and the
absorbance was measured at a wavelength of 825 millimicrons. The
results of these determinations (Table I) show that the reagent blank
absorbance is approximately three times larger when aluminum is the
complexing agent than when boric acid is used for-this purpose. The
use of boric acid also improves the precision of the method; in determin-
ing 8.7 micrograms of silicon, the relative standard deviation is 3.3
percent as compared to 9.7 percent when aluminum is the complexirig
agent. However, boric acid causes a decrease in the absorbance per
microgram of silicon from 0, 0270 to 0.0233, a reduction of about 14
pei‘cent. Although the sensitivity is decreased, the use of boric acid as
the fluoride complexing agent is warranted because of the lower reagént
blanks and the improved precision, (It ‘should be noted that 200 mg. of
plutonium is pr-esent in each of the determinations; therefore, the ab-
sorbances in Table I include any contribution caused by trace silicon
contamination in the plutonium. This contribution is about 0.023 and

increases the absorbance from the normal blank of 0. 064 to 0. 087.)



Table I

Comparison of Analytical Results for Silicon Using Aluminum
or Boric Acid as Complexing Agent for Fluoride

Absorbance, 825 mu*

Si Added, Boric Acid

pe. Al Complexing Agent Complexing Agent

0 ©0.239 0.078

0. 246 0.080

0,250 0. 092

0.251 0.084

0.276 : 0. 094

0.256 ' 0.088

0.268 0.092

0.248 0.084

- 0.253 0.093

Av. 0,254 Av,.70.087

Rel. Std. Dev. 4.3% Rel. Std. Dev. 6.9%

8.1 0.481 0.287

‘ 0.479 0.293

0.480 0.289

0.499 : 0.292

0.492 ' 0.286

‘0.500 0.290

Av.70,489 Av.70.290

Rel. Std. Dev. 9.7% Rel, Std. Dev. 3.3%

*Absorption cell having 1-cm, light path.

Effect of pH

Following the change in complexing agent, several experimental

parameters were investigated to ensure that optimum conditions existed.
It was found that small variations in pH have large effects on the color
devclopment (Table II), These data were ohtained by applying the
Recommended Procedure to analysis of solutions éach containing 21
micrograms of silicon. The only change made was in the pH at which
the silicomolybdi'c acid was formed. As shown in Table II, the pH of
the complex formation was varied from 1.0 to 1.6. These data show

that maximum color is developed at a pH of 1.2 when boric acid is used
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Table II

Effect of pH on the Absorbance of the Reduced Silicomolybdic
Acid. Complex

(21 pg. of silicon per 25 ml. of solution in each determination)

Absorbance, 825 mu*

. PH
1.0 0.265
1.1 0.565
1.2 0.580
1.3 0. 546
1.4 0.538
1.5 0,527
1.6 0.475

*cell having 1-cm. ligh't path.

to complex exéess fluoride ion. This pH agreeé with the value of 1.2 to
1.3 recommended by Smith(s) when aluminum is the complexing agent.
Because of the sensitivity of the method to small variations in pH,
especially to decreases, it is advisable to redetermine the optimum pH
whenever changes in eqﬁipment or solutions are introduced that might

affect its measurement.

Effect of Time of Formation on Absorbance of Colored Complex

The optimum length of time for development of the colored complex was
investigated using solutions each containing 21, 0 micrograms of silicon.
The silicon was "'activated' by adding hydrofluoric daicd. Boric acid was
added to complex the excess fluoride ion, and ammonium molybdate
solution was added. Then'thé pH was adjusted to 1.1 to 1.3, and the
reducing solution was added. The absorbances of each solution were
measured at 825 millimicrons following successive 10-minute time
intervals. The results (Table III) show that time for color development
within the limits investigated is not critical; a time of 20 minutes was

recommended for the color development in the Recommended Procedure,.
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Table III
Effect of Time and pH on Absorbance of 21.0 ug. Si

Absorbance, Following

pH 10 Min, 20 Min, 30 Min, 40 Min,
1.1 0.554 0.558 0. 559 0.559
1.1 0. 552 0.558 0.558 0.558
1.2 0.575 - 0,579 ‘0, 581 0.580
1.2 0.581 . 0,584 0. 586 0.584
1.3 0.554 0.557 0.559 0.558
1.3

0.554 0.557 0.559 0.560

Effect of Plutonium ) o
Plutonium (III), (IV), and (VI) forms insoluble compounds with molybdate

which hinder the reproducible formation of the silicomolybdic acid.
Removal of the plutonium as the insoluble (III) and (IV) fluorides prevents
this interference. Varying the amounts of plutonium in the sample from
0 to 200 milligrams éhanged the absorbance of the reduced silicomolybdic
acid by less than 2 percent. " |

Absorption Spectra

Smith found that the absorption curves of the silicomolybdic acid and of
its reduced form were comparable to the absorption spectra reported by
Carlson and Banks. (1)

has an absorption maximum at 826 millimicrons under the present

To ensure that the reduced silicomolybdic acid

conditions, the absorption épectrum was redetermined for the waveleﬁgth
region from 815 to 835 millimicrons., This was done by preparing the
reduced silicomolybdic acid complex ﬁsing 21.0 micrograms of silicon
and a final volume of 25 milliliters as described in the Recommended
Procedure. Absorbances were measured at 5-millimicron wavelength °
intervals using a Beckman Model DU spectrophotometer. The absorbance
maximum was found at 825 millimicrons, indicating that the changes in
complexing agent and in pH did not affect the absorption spectrum in the

wavelength region examined.



APPARATUS AND REAGENTS
Apparatus

Centrifuge, International C11n1cal Centr1fuge Model CL
Centrifuge tubes, 15-ml., polyethylene

H meter, Beckman Zeromatic equipped with a calomel electrode
Beckman No. 39170, and a glass electrode, Beckman No. 40498,

Pipets, polyet’hylene or polystyrene, 1-ml., with 0. 1-ml. graduations.
’I’Fgese graduated pipets were made from polyethylene or polystyrene
tubing having an inside diameter of approximately 3 mm. '

Spectrophotometer, Beckman Model DU, with glass or quartz cells
having 1-cm. light paths.

Miscellaneous equipment. Normal laboratory volumetric glassware,. -
.polyethylene storage botiles for reagents, and other miscellaneous
standard laboratory equ1pment 1nclud1ng No. 10 polyethylene beaker
stoppers.

Reagents

ote: All solut1ons were stored in polyethylene bottles and were
prepared fro greshly distilled water which had not contacted
‘glass., Smith 3) reported some difficulty with silicon contami- -
nation of reagents especially of hydrofluoric acid. However, none
of the reagents included in the following list were found to require
purification; the absorbance of the reagent blank generally was
0. 064 without purifying the reagents. It is recommended that each
reagent be tested for silicon contamination whenever the reagent
blank absorbance exceeds 0,100, -

1-amino-2-naphthol-4-sulfonic. acid, reagent grade.

“

Ammonium borate solution. Add 50 grams of boric ac1d and 40 ml, of
11 N ammonium hydroxide to 400 ml. of d1st1lled water, mix well and
d1lute to 500 ml. with distilled water.

Ammonium hydrox1de approximately 11 N. ‘Prepare a silicon-free
solution- by saturating distilled water contained in a polyethylene bottle
with ammonia gas.

Ammonium molybdate solut1on, 5%. Dissolve S‘grerns of arnmonlufn
molybdate [(NH Mo,7O24 4H,0] in a final volume of 100 ml; of dis-

tilled water.

Boric acid; reagent grade.

‘Bromine water. Saturate 50 ml. of dlStllled water with liquid bromine.

Hydrochloric acid, 12 §, reagent grade,
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Hydrochloric acid, 2 N. Dilute 16,7 ml, of 12 N hydrochloric acid to
100 ml, with water.

Hydrofluoric acid, 48%, reagent grade.

Hydrofluoric acid, 24%. Dilute a known volume of 48% hydrofluoric
acid with an equal volume of distilled water.

Hydrofluoric acid wash solution. Add 5 ml. of 48% hydrofluoric acid to
250 ml. of 1 N hydrochloric acid.

Hydroxylamine hydrochloride solution, 15%. Dissolve 15 grams of
reagent grade hydroxylamine hydrochloride in distilled water and dilute
to 100 ml,

Potassium permanganate solution, 0.06%. Dissolve 60 mg. of reagent
grade potassium permanganate in a f1na1 volume of 100 ml. of distilled
water. -

Reducing solution. Dissolve 0.5 grams of sodium hydroxide and 6. 8
grams of sodium bisulfite in 100 ml. of distilled water. Add 0.125
grams of 1-amino-2-naphthol-4-sulfonic acid, stir until dissolved, and
dilute to 250 ml, with distilled water The solution is stable for at
least one month.

Silicon standard solution, 10 ug. Si/ml. Dilute 10 ml. of the silicon
stock solution to 500 ml, with distilled water. '

Silicon stock solution, about 500 ug. Si/ml., Dissolve 5.1 grams of
sodium silicate (NaZSiO -9H_O) in distilled water and dilute to 1 liter.
The silicon concentration was determined gravnsnetrlcally as described |
by Hillebrand, Lundell, Bright, and Hoffman. (2

deium bisulfite, reagent grade.

Sodium.hydroxide pellets, reagent grade.
Sodium silicate, Na25103- 9H2

Tartaric acid solution, 20%, Dissolve 20 grams of reagent grade
tartaric a<31d anE{ Hllufe to 100 ml. with dlstJ.lled water.

O, reagent grade.

SAMPLE PREPARATION

Plutonium Metal or Alloys

Accurately weigh a quantity of the metal not in excess of 200 mg, that is
estimated to contain from 2.5 to 40 ug. of silicon, Transfer the sample
to a 15-ml. centrifuge tube and add 2 to 3 drops of bromine water, to
prevent loss of silicon as silane gas, and 6 ml. of 2 N hydrochloric acid
to dissolve the sample. Take the entire solution for analysis. For
samples containing larger concentrations of silicon, dissolve 200 mg.. of
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the metal in the described manner, dilute the solution with 2 N hydro-
chloric acid to a known volume selected so that the final silicon concen-
tration is between 5 and 20 pg. /ml, Take an aliquot containing 2.5 to
40 pg. of silicon and dilute to 6 ml. with 2 N hydrochloric acid pr10r to
analysis,

Plutonium Solutions

For hydrochloric acid solutions, transfer a measured aliquot containing
2.5 to 40 ug. of silicon and not greater than 200 mg. of plutonium to a
15-ml. polyethylene centrifuge tube and dilute to 6 ml. with water and
12 N hydrochloric acid to adjust the acidity to 2 N, For other solutions,
transfer an aliquot containing 2.5 to 40 ug. of silicon and not greater
than 200 mg. of plutonium to a platinum or Teflon dish, depending upon
‘the acids present in the solution, and evaporate to incipient dryness
under an infra red heat lamp. Add 1 ml, of 12 N hydrochloric acid

and repeat the evaporation. Dissolve the residue in a minimum volume
of distilled water. Transfer the solution to a 15-ml. polyethylene
centrifuge tube rinsing the dish with 1 ml. of 15% hydroxylamine hydro-
chloride solution and 1 ml. of 12 N hydrochloric acid. Dilute the so-
lution to 6 ml. with water and warm in a steam bath for 15 to 30 min.

to ensure reduction of plutonium (VI). Proceed with the Recommended
Procedure except in Step 3 use 5% potassium permanganate solution in
place of a 0.06% solution.

RECOMMENDED PROCEDURE

CAUTION: Health safety rules for the handling of plutonium
must be rigidly followed, and adequate protection for the
operator must be ensured by the use of suitable dryboxes and
protective clothing.

1. To the solution of the sample in the polyethylene centrifuge tube add
0.1 ml. of 24% hydrofluoric acid for each 100 mg. of plutonium plus an
additional 0.1 ml. Swirl the tube gently to stir the solution and allow
10 min, for the silicon to be converted to a reactive form and the plu-
tonium fluoride to precipitate.

2. Centrifuge the solution for 5 min., and carefully decant the super-
natant solution into a number 10 polyethylene beaker stopper. Add 3 ml.
of the hydrofluoric acid wash solution to the centrifuge tube, mix the
precipitate and wash solution intimately using a platinum rod, and as
the rod is removed, wash off the tip with a few drops of distilled water.
Centrifuge the slurry for 5 min,

3. Carefully decant the supernatant solution into the beaker containing
the first supernatant solution and add 5 ml. of ammonium borate so-
lution, Insert a.plastic—covered stirring bar, and while stirring the

-14~



solution, add 0.06% potassium permanganate solution dropwise until a
faint pink color persists. (This is necessary to oxidize any reducing
material that would hinder the formation of the silicomolybdic acid.)
For plutonium solutions to which hydroxylamine hydrochloride was
added, use a 5% solution of potassium permanganate in place of the
0.06% solution.

4. Add 1 ml. of 5% ammonium molybdate solution and adjust the pH to
1.2 to 1.3. (An excess of alkali should be avoided because a high salt
concentration tends to cause low recoveries. Also at this point, it is a
good practice to minimize the exposure of the electrodes to the solution
because of possible silicon contamination from the glass.)

5. Allow the solution to stand for 10 min. for the formation of the
silicomolybdic acid, then, while stirring, add 1 ml. of 20% tartaric acid
solution immediately followed by 1 ml. of reducing solution. Wash the
solution into a 25-ml. volumetric flask with distilled water, dilute to
volume, and thoroughly mix the solution.

6. Allow the solution to stand 20 min. to permit full color development,
then transfer a portion of the solution to a spectrophotometer cell having
a 1-cm. light path and measure the absorbance at a wavelength of 825
mu using water as a reference liquid.

7. For plutonium metal or alloy samples, prepare a reagent blank
solution by adding 6 ml. of 2 N hydrochloric acid and a volume of hydro—
fluoric acid equal to that added to the sample to a 15-ml. polyethylene
centrifuge tube and proceed as described in Steps 1 through 6. To pre-
pare a reagent blank for samples submitted as solutions, add 4 ml.
distilled water, 1 ml. of 12 N hydrochloric acid, 1 ml. of 15% hydro-
xylamine hydrochloride solution, and avolume of hydrofluoric acid equal
to that added to the sample to a 15-ml. polyethylene centrifuge tube and
proceed with Steps 1 through 6 above. Measure the absorbance of the
reagent blank solution at a wavelength of 825 mu using water as a refer-
ence solution. (If the absorbance of the reagent blank solution is greater
than 0.100, each reagent should be investigated for excessive silicon
contamination. )

8. Calculate the silicon concentration in the sample using a standard
curve previously prepared by plotting data obtained by treating known
aliquots, containing 2.5 to 40 ug. of silicon, of the standard silicon
solution according to the Recommended Procedure. (Centrifugation of
the standards and blanks is unnecessary as no fluoride precipitate is
formed; however the same amount of hydrofluoric acid that is used in
the actual analysis must be added.)
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RELIABILITY

To estimate the precisibn of the method, fourteen determinations at
each of three silicon concentrations were made in the presence of 200. .
milligrams of plutonium. The known solutions were prepared by adding
measured aliquots of the known silicon solution to 6-milliliter aliquots
of the known plutonium (III) solution. Each solution was analyzed as
described in the Recommended Procedure. The results (Table IV) .

indicate that 10.4 to 31.4 micrograms of silicon are determined with a

Table IV

Results for Silicon Determination

(200 mg. of plutonium in each solution)

Si Taken, Av. Net Relative Standard

Kg. Absorbance Deviation, % -
0 ’ ~0.023 8.0
10,4 0. 242 3.1
20,8 0.490 1.8
31.4 0.744 2.8

relative standard deviation not greater than 3,7 percent. From the
‘average absorbance per microgram of silicon of 0. 0236, a molar
absorptivity of 16, 600 was calculated. These data show that greater
than 2 micrograms of silicon (10 ppm) in a 200-milligram sample can

_be determined reliably by this method.

The effects of various ions on the method were determined' by adding
known quantities of each ion to solutions containing known concen-
trations of silicon. These were analyizield according to the Recom-
mended Procedure. Arsenic and phOSphorus' in amounts equal to the
silicon did not interfere in the spectrophotometric det'ermination’, but

an equal quantity of germanium increased the absorbance readings by

~16-



about 10 percent. ‘Nickel gave erratic results when present in concen-
trations 20 times that of the silicon. Iron or chromium present in
concentrations more than 30 times that of the silicon also could not be
tolerated. No interference was observed from sodium, magnesium, or
manganese present in concentrations up to 80 times that of the silicon.
Solutions containing high concentrations of potassium ions (0.4 N) were

found to produce low results.
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