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A spectrophotometric determination using neodymium as.an internal standard was
developed for safeguards verification analysis of plutonium in highly radioactive liquid waste
which is produced by the reprocessing of spent nuclear fuel. The internal standard is used as
a means to analyze plutonium and also to authenticate the instrument conditions. The
method offers reduced sample preparation and analysis time compared to isotope dilution -
mass spectrometry. The sample was mixed with a known amount of internal standard.
Subsequently, plutonium was quantitatively oxidized to Pu(VI) by the addition of Ce(IV) for
spectrophotometry. Plutonium concentration was -calculated from  a relation between
NA(IID/Pu(VI) molar extinction coefficient ratio and their absorbance ratio. The relative
expanded uncertainty of the repeated analysis (n = 5) was 8.9% (coverage factor &k = 2) for a
highly radioactive liquid waste sample (173 mg L1). The determination limit was 6 mg L
(ten fold’s the standard deviation). This method was validated through comparison
experiments with 1sotope dilution mass spectrometry. The analytical results of plutonium in
highly radioactive liquid waste using this method were agree well with values obtained using
isotope dilution mass spectrometry. The proposed method can be applied to independent
on-site safeguards analysis at the Tokai Reprocessing Plant.

Keywords: Spectrophotometry, Pu, Internal Standard, Nd, Highly Radioactive Liquid Waste,
Safeguards ’

This work was performed as a part of Japan Support Program for .Agency Safeguards
(JASPAS) JC-19. ~ |

+ Technology Development Department, Tokai ReproceSsing Technology Development Center,
Nuclear Fuel Cycle Engineering Laboratories.



JAEA-Technology 2006-041

RIBEHEB OO DRA Y L PIEEYHE & LR ERIC L 5
:  EBEHMERBERT OV =T ADER ,
— BAROX IAEA fREESBE RN ZE571E (JASPAS) JC-19—

- AR BT JEBR A R B R o 2 —
R A 7V TP ER AL B BN B %6 & o & — fil s i BT
O RER, B B, EE R BE W, RS & el B

(2006 4 5 H 19 B=3)

i A BB & FRAL PR D BRI B A T DS B EBRIR P ICE £ D, 70 b= AOWRBOT
HBLUT, XAV LENIEEYE E LTEREHERIC L 2EREFIELHE L, ZoF KX, A
FEHEME O 3 AT AR BEMBRM L%, CeMIZL Y 7V b =7 A% Pu(VDIZEE L, Pu(VID)
& NAIIDOWIR L — 7 xtg & UTHE E— 27 OWSLE L & B MRERBUL O BRA B 7L b=
VAREEZEHTHOOTHD, ZOFETE, XA VL%, TV =v A AREZFEHT 20
OWNEREYE L L CTRW M, MEREOREMLHRT 28EL LTHRAIMT S, SHIARE
i, RMERAREESIE L B U CRERHERTTETH D Z &1 b, (REHE @RS
MRTEDLZENFETH D, TV =0 ARED 173 mg Lt O &R BER RN 9 2 50
& UT, M ILREAHN S =5)% 8.9 %(BEHRE k=2.00THV, EETRIZ6mgL! (100)
Tholz, Eio, REORLELHRT D720, FNEFRERIAEC L 5 LB 21T o 1
FER, WHEOSWEIE RIS L, HEFLBMEDR BV CERMNELE 1T 5 B R
HOT N b= AOKRBONEEL LCHARTETHS 2 L ERER LR,

KRB A 7 VT ZHFZERT: T 319-1194 PRk B IR FIAER s vg A AT 4 4-33
+ BB A 7 VTR BAEENBI R T 2 —  BATBARES



JAEA-Technology 2006-041

CONTENTS

1. INTRODUQCTION - -----cmsmmmmmsmsss s oo s m o oo s oo 1
. MEASUREMENT PRINCIPLE ---------=ns-mnscsmrmmsmsmo oo on s s o s n s oo oo s oo 2
3. EXPERIMENTAL ------=-m=mr s mmm oo o oo e oo oo oo oo oo m oo oo s s s oo 3
3.1 Reagents ---mr=rmmmmmmmmmom e e e e S oSS n e m e 3
8.2 Preparation ----r----n-snrrssonsnsso oo onnoo oS oSS 4
3.3 HALW sample -------m=----mm=mmsmosmsssmssmsmoos s oo s
3.4 Apparatus ----------msmmmmmeeees et 4
3.4.1 Spectrophotometer ----=-==--=-=z--z--mmms=mssmsmesssosssssscsscnssssssssosssosonosessooes mmmmnan 4
3.4.2 Other apparatus -------- e B St 5
3.5° Sample preparation ---------=--mssmomssesessssesseooeoes et 5
. 8.5.1 Nd-internal standard method ---s----=+====s=ssrrsresermramrr e 5
8.5.2 IDMS  mrmmmmmmmm s oo nsnosssssossossososssonosnosises 6
- 4. RESULTS AND DISCUSSIONS ------nrrrsssssasnnnnnnnmsnnssrn o om oo s oo o oo s 6

4.1 Performance for spectrophotometer and determination of optimum conditions for
I AU I I === === e e e s 6
4.1.1 Baseline noise ----===m=mm=msmsmm s e o o 6
4.1.2 Replacement volume of the solution in flow type optical cell -----=----=---=-=s=2smne- 7
4.1.3 Optimization of slit width --===-n-rssssssmssrmessmonomoonsom s sm s on s =m===7
4.2  Pre-preparation conditions -=--=-=--=-=-srmmsssssersmmessseee oo 7

4.2.1 Amount of hydrofluoric acid for dissolving plutonium in an HALW sample
containing sludge------=--=====s=mssssrmmssssmmssssmooosssesooosssosososenn s sss oo

4.2.2 Effect of uranium on plutonium measurement with hydrofluoric acid --------=----- 7
1 4.2.3 Amount of cerium(IV) as an oxidant ---==-----==s-==ss-ssssssosmeocsmsssmsssoesnens oo 8
4.2.4 Stébility of hexavalent state of plutonium in HALW ---------=--sssmsmmmmsmomomoreenaen 8
4.2.5 Determination of the baseline and the peak heights of plutonium(VI) and
neodymium(III) e 8
4.2.6 Molar extinction coefficient ratio -----=-----===m-=smmrmssssssessesssecsscsssscocossssasseeeens 9
4.3 Plutonium measurement by Nd-internal standard method-------=-=======-=---=-===uonoone 9
4.3.1 Amount of neodymium(III) as an internal standard --------------=--======sm-smmooeeees 9
4.3.2 Analytical results for standard solutions --=-==--==========z=zm=smzmmsocmmmoesesesos oo 9
4.3.3 Analytical results for HALW ----=---mmssmrommssmmssmsssmonsnssosss oo oo oo oo 10
'4.3.4 Comparison of Nd-internal standard method and IDMS -------- e 10
4.4 Acceptance test ----mmmmsmmmmressmsmessossmosocsoosossesmssmoossssssssssssssssssossssssssoonssnsnsoosses- )
4.4.1 Molar extinction coefficient ratio ------===-====--==ss====mrsmsssssessssosnososseeoooseooos 10
4.4.2 Analytical results for HALW -------=-srmomrrmsmmmomosssmmmmomomss oo o s s 10
5. CONCLUSIONS  rmrmmmmnmmmmmm oo oo oo oo oo oo oo oo oo oo o n oo oo o nnomm oo 11
REFERENCES -------------mmmesmmmmsmom oo eeno o ettt 12
Appendix 1 Verification analysis using Nd-internal standard method —Operating -
Manual— ----------m-msmmmmmmeseemsseossssomoooone e Smmmmmesmsossssmesosesmsessseoeeeseees 31
Appendix 2 Calibration of sampling device and automatic burette -------------=======-----noooes 56

Appendix 3. Spectrophotometry system ----=---===-=ss==zsn-=ssmsssmmssssooocmooeoossssoss s oo oo 58

i



JAEA-Technology 2006-041

BR

L = R o S s e 1

B R 2

3. FEBR -eeeeeeeeee- ettt ettt ittt ottt ettt et o

R

B:2 BRI oo e 4

8.3 HALW BUBE  -omrmeemmmmr s oo e i 4

B T —

3.4.1 ﬁ;ﬁ:;‘é)?zﬁ e 4

3.4.2 ZOMER e i R 5

8.5 HTHME oo e 5

s B S N )b 5

3.5.2 IDMS ----mmmmsmsmessesssoosososieooooooeee - Seemsmmeiseensienoieeioseo 6

4, FERFOBE  --rmemeomommmomsrssssoosessnc oo e 6

4.1 SYEREEROMRERERR L MERMEDBGEAL --r-mrmesmrormrmr s 6

411 R T A LD ) A R e 6

4.1.2 7u—kARIONFEE NV NOERDOBEHENE ----mmmmmremeeeememss e smmmee 7

413 Ry MEDBIEL e 7

4.2 BB -mmmmmmme oo 7

4.2.1 HALWREIF DA TG v VEWIEDTZDD T o BEDE  =mr----mmmmmmmmsremmmsssee oo 7

42.2 7 yBBETOT N P =0 BAECRIET YT 2 OBR <wmemeeeeeen mmeeesmoseesseeeno 7

4.2.3 BRALAIE Y U DAVIDFINE ---nmrmmmmmemormrmmsss s 8

4.2.4 HALW REBHOR Y0 LAIVFETIZBIT 57NV b =0 LD 6 fli0 L EME - 8

425 R—RAFTAUORYFET N = ?A(VI))S’(U\/TZ}‘/A(III)O) E—2 @ S OWE -8

4.2.6 EEIAREE e 9

O B B AN b N A e 1 - 9

4.3.1 PEEHE L L TORA T AMID DB --mmmrerwsmmmmsmrsssssas s 9

R 3 R T - 9

4.3.3 HALW DZATHERE  --mmrrmmmmemm s oo 10

434 AV hBNEEYE L Lt%&i‘é;&:f‘ & IDMS OOHHERD Ll ---mmmeememeee- 10

44 TIRTH VAT AR wemmmrmmeeees e 10

R o - 3 B 10

4.4.2 HALW DASHFRERE -nrmrmrmmmemmmemrm s it L

T B R 11

A e 12
R 1 AV LRI L ORESTT S8 E~ =27 /b oo 31

fH63 2 RUBHRIERE K BB E 2 Ly b OREIE wrrrereormos oo 56

FHER S BIEHHER SR T Iy rrrreerrrommmmmsres s 58



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
. Fig.

Fig.
Fig.

4-9

4-10

4-11
4-12

Fig.4-13
Fig.4-14

»

Table 3-1
Table 3-2
Table 3-3
Table 4-1
‘Table 4-2

Table 4-3
Table 4-4

Table 4-5

" Table 4-6

JAEA-Technology 2006—-041

CONTENTS OF Figure

Schematic diagram of spectrophotometric system installed in shielded cell ----13
Schematic diagram of sample cell =---==-==sm=rwmrmmmmmommosssssmsssnsssss oo 16
Analvyticval procedure of plutonium in HALW using Nd-internal standard method---18
Absorption spectrum of blank for 3M HNOs ranging from 0 s to 100 s at 830 nm-19
Absorption spectrum of blank for 3M HNOs ranging from 850 nm to 780 nm --19
Recovery of neodymium(III) solution in flow type optical cell --~--====--=-==-===--- 20
Relation between plutonium concentration and hydrofluoric acid concentration ----- 21
Effect of uranium addition on plutonium measurement with hydrofluoric acid21
Effect of cerium(IV) on the oxidation of plﬁtonium in HALW ----=-=---momemmemmneee 22
Stability of the hexavalent state of plutonium in HALW with cerium(IV)  --22
Comparison of absorption spectra of a) 1.3 g L't neodymium(III), b) HALW with

cerium(IV), ¢) 0.025 g L't plutonium(VI) in 3 M HNQg -----=---=-=====-sssmnnmmaees 23
Determination of plutonium(VI) absorbance and neodymlum(III) absorbance
* using (a) three-point method and (b) two-point method --=--=-====-=-=r=-=r=szsmmve- 24
Relation between plutonium(VI) / neodymium(ITD) concen’cratlon ratio and
plutonium(VI) / neodymium (III) absorbance ratio ---=-=-=========-========z=--zoone- 25
Comparison of Nd-internal standard method and IDMS -----=-=----=-=-=------=------ 27

Relation between plutonium(VI) / neodymium(III) concentration ratio and
plutonium(VI) / neodymium(III) absorbance ratio --------=----- R 27
Relation between plutonium(VI) concentration and plutonium (VI) absorbance--28.
Relation between neodymium(III) concentration and neodymium(III) absorbance ---28

CONTENTS OF Table
Specifications of spectrophotometer ------=-=------ S 13
Specifications of optical fiber ----=---=-=-=r========-smmommenmom o mmm————————aae 15
Measurement conditions of spectrophotometer -------===z==========ssmsosomoromnmnneanen 17

Effect of slit width on plutomum(VI) and neodymium(III) absorbance in HALW ---20
Influence of added amount of neodymium(III) as an internal standard on
plutomum concentration in HALW-----=-n-==-m---mmmmmmo oo oo 25
Analytical results for standard solution using Nd-internal standard method --26
Analytical results of plutonium for HALW using Nd-internal standard method
and calibration curve method -------------=--=====m=mmsmm e 26
Analytical results for HALW using Nd-internal standard method by two-point

-~ method at acceptance test ======-=========mm==rmssoso oo 29

Analytical results for HALW using Nd-internal standard method by three-point
method at acceptance test -----=-=-=--=-=-=----ommmomm oo mo oo eeon oo oo mmmmmmmmsmememesoeees 30



This is a blank page.




JAEA-Technology 2006-041

1 INTRODUCTION

Highly radioactive liquid waste (HALW), which is generated from reprocessing of spent
nuclear fuel at the Tokai Reprocessing Plant (TRP), contains small amounts of plutonium at a
. low concentrations (>104M). Since the 1990s, the International Atomic Energy Agency
(IAEA) has attached particular importance to safeguards of the radioactive waste from
nuclear facilities. As a result, the plutonium in HALW of TRP has been specifically examined
as an object to be inspected. Since 1993, HALW samples have been taken for inspection and
transported to IAEA’s Safeguards Analytical Laboratory (IAEA-SAL) for verification analyses
of plutonium in HALW. Sample preparation at the analytical laboratory of TRP, such as
sampling, spiking and diluting, has been carried out for analyses by isotope dilution mass
spectrometry (IDMS) V9. The HALW sample is spiked with a plutonium standard, in which
the isotope ratio differs from that of the sample. The spiked aliqﬁot is diluted and dried in a
vial for transportation, and is analyzed in the IAEA-SAL for independent measurement by
inspector’s own analytical equipment. 7

The IDMS has been considered as the most reliable analytical technique for accountability
measurement of nuclear materials in spent fuel reprocessing plants. However, the IDMS
requires a complicated procedure and skilled operator. This method is also time-consuming to
obtain an analytical result because the sample must be transported for off-site analyses.
Therefore, it takes a few months for an inspector to obtain analytical results. Thus, a rapid
verification analysis of plutonium in HALW using conventional spectrophotometer was
proposed to achieve on-site safeguards measurements to overcome these disadvantages.

Plutonium ions in acidic aqueous solution exist in trivalent, tetravalent and hexavalent
oxidation states. In particular, Pu(VI) in HNO3 medium is often used for spectrophotometry
because of its sharp absorption peak at the wavelength of 830 nm; it has a larger molar
extinction coefficient than either Pu(II) or Pu(IV) 9. These properties have been used for
determination of plutonium . ® in spent fuel reprocessing plants. Although the measurement
precision of si)ectrophotometry is inferior to that of IDMS, the method we propose can be
expected to be useful as a tool for timely on-site analysis and verification of plutonium in
HALW. |

Instruments and analytical schemes must be strictly checked for authentication to apply a
method to verification analysis of a sample. An appliéation of the internal standard method
has been studied to meet requirements for the spectrophotometric technique. Consequently,
an internal standard is used as a means to analyze plutonium in HALW and also to check
instrument conditions. The internal standard is intended to be provided by the IAEA so that
an inspector can control it independently. After spectrophotometric measurement, the
inspector calculates the result from observed absorbance of the internal standard and
compares it with a reference value that is not known by facility operators. .

In addition, NA(II) was chosen as an internal standard. The Nd(IID in HNOs medium
exhibits its absorption maxima at around 795 nm ? which is near the Pu(VI) absorption
maximum (830 nm). That absorption maximum also presents the advantage that it has no
other remarkable peaks that might inhibit Nd(III) measurements.
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This report describes experimental results and acceptance test results performed with
IAEA inspectors. Operating manual about Nd-internal standard method for verification
analysis shows Appendix 1. ’

- This study has been carried out as a part of Japan support program for agency safeguards
(JASPAS JC- 19) since 1999.

2 MEASUREMENT PRINCIPLE

In this work, plutonium concentration in an HALW sample was determined by
spectrophotometry using Nd(III) as an internal standard (Nd-internal standard method).
Pu(VD) absorption peak around 830 nm in the absorption spectrum has been used for the
quantitative measurement of plutonium. Nd(III) has an absorption peak at 795 nm and can
be utilized for the internal standard in this work. An absorption peak of around 795 nm was
observed for HALW sample because it contains fission products including NA(IID. The
absorption peak initially present in HALW is corrected with absorbance ratio at 830 nm and
795 nm of HALW sample. The plutonium concentration in HALW sample can be calculated
using the Pu(VI)/Nd(III) molar extinction coefficient ratio, and the absorbance at 830 nm and
795 nm for HALW sample with and without Nd(III) as an internal standard. The equation of
the plutonium concentration using Nd-internal standard method is lead as the fo_llowing
equatlon

Pu(VD)/ Nd(III) absorbance ratio for HALW sample with Nd(ITI) as an internal standard is

expressed in equation(1).

(Aggo /%
(Apgs x + (A795

Here, Rp is the absorbance ratio for HALW sample with Nd(III) as an internal standard,
(Ass0x and (4795)x are absorbance at 830 nm and 795 nm for HALW sample without Nd(IIT)
as an internal standard, respectively, and (A7) is absorbance at 795 nm of Nd(III) as an

@

By =

internal standard.
Pu(VI)/Nd(III) absorbance ratio for HALW sample is expressed in equation(2).

(Ab’.?o )X
(A795 )X

| Here, Rx is the absorbance ratio for HALW sample, (4ss0x and (4799, are absorbance at
830 nm and 795 nm for HALW sample, respectively.
The equation (2) is substituted for the equation (1).

R, R,
By -R,

Ry = 2

i (Aggy Iy =5—Z-x(Asgs Dy : @)

'Using Lambert-Beer’s law, Nd(ITI) absorbance and Pu(VI) absorbance are shown in equation

(4) and (5), respectively.
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CNd

(Asgs Dy = &ng X A'WNd x L ~ :'- @
Aggy )y = Epy x—2x L, - |
( 830 )X Epy X AW, X | ®)

Here, envaand ep, are the molar extinction coefficients of Nd(IID) and Pu(VI), respectively; Cia
and Cpy are the concentrations of the Nd(II) as an internal standard and Pu(VI) in the -
HALW sample, respectively; A.W na and A.W py are the atomic weight of neodymium and
plutonium, respectively; L is the optical path length.

The equation (4) is expressed as the following equation.

M ya

—_— 6
VAW, ©

(A795 ) Y = SN
Here, Mnais the weight of the Nd(IID) as an internal standard, and Vsis the sampling volume
for HALW. . ‘ ,
The equation (5) and the equation (6) are substituted for the equation (3). Therefore, the
plutonium concentration is calculated from the following equation.
_ By Ry « AWp,  eng Mua

C, = 7
MER R, AW, &p Vs @

u

3. EXPERIMENTAL
3.1 Reagents
o Plutonium metal CRM 126:
- New Brunswick Laboratory (NBL) 99.962 = 0.018wt%
¢ Uranium metal JAERI —-U4:
Japan Atomic Energy Research Institute (JAERI) 99.90%
e Uranium metal NBL CRM 116:
New Brunswick Laboratory (NBL) 99.97%
¢ Cerium(IV) diammonium nitrate ( Ce(NH4)2(NOs)s ):
Kanto Reagents, Analytical grade >95%
e Hydrofluoric acid (HF):
Kanto Reagents, Analytical grade 46%-48%
e Nitric acid ( HNOs ):
Kanto Reagents, Analytical grade 60-61%
e Neodymium oxide ( Nd20s ):
Kanto Reagents, >99%
¢ Neodymium oxide ( Nd20s) (Using acceptance test):
FLUKA
o Iron(ID) sulfate heptahydrate (FeSO4: 7H20 ):
Kanto Reagents, Analytical grade 99.0%-102.0%
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'« Amidosulfuric acid (HOSO:NH2):
Kanto Reagents, Analytical grade >99.5%
e Sodium nitrate (NaNOg):
Kanto Reagents, Analytical grade >98.5%
o 1~ Ascorbic acid: :
Kanto Reagents
e TEVA extraction chromatographic resin:
Eichrom Technologies, Inc (U.S.A)
o 242Py spike:
Provided by TAEA, 242Pu abundance 99.9057%, 242Pu/239Pu atomic ratio 1210.0 + 5.9

3.2 Preparation v

A plutonium stock solution was prepared by dissolving plutonium metal in mixture of 8 M
HNOs and 0.01 M HF. The plutonium stock solution was adjusted to 200 mgPu L1. Working
standard solutions of plutonium were prepared by diluting the stock solution with 3 M HNOs.
- A uranium stock solution for determining the molar extinction coefficient was prepared by
dissolving uranium metal in 8 M HNO:s. A uranium stock solution for other experiments was
prepared by dissolving uranium trioxide, which was reprocessed at ' TRP, in 8 M HNOs. The
uranium stock solution was adjusted to 4 gU L. Working standard solutions of uranium
were prepared by diluting the stock solution with 3 M HNOs. A cerium solution as an
oxidation reagents was prepared by dissolving 130 g of Ce(NH4)2(NOs)s in 500 mL of 3 M
HNOs. A neodymium stock solution was prepared by dissolving 1.173 g of Nd20s in 3 M HNOs.
The neodymium stock solution was adjusted to concentration of 10 g L1,

A neodymium stock solution used in acceptance test was prepared by dissolving about 2 g of
Nd20s in 1 M HNOs. This stock solution has been adjusted to concentration of 25 mgNd gt
solution. The aliquots were evaporated to dryness at 120 C in flask.

TEVA extraction chromatographic resin (0.5 mL) was preconditioned with 3 M HNO3 over
10 mL. A 242Pu spike was used for IDMS. Reagent grade chemicals were used in all tests.
Deionized water for dilution of the stock solution was used throughout the experiments.

3.3 HALW sample ,
HALW samples used were taken from some storage vessels at TRP, and collected in flasks in

a shielded cell of analytical laboratory. Sample taking from the flask was then carried out by

the use of sampling device immediately after stirring the solution to obtain a homogeneous

sample including sludge.

3.4 Apparatus
3.4.1 Spectrophotometer
3.4.1.(1) System configuration

A schematic diagram of a UV VIS spectrophotometric syétem used in this work is shown in
Figure 3-1. This system consists of a light source, monochromator, a detector, a sample cell, a
reference cell and a computer for spectrophotometer control. A sample cell was installed in a
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shielded cell because the HALW sample is highly radioactive. Light flux from a light source
was adjusted using mirrors. The light flux was transmitted to the sample cell using optical
fibers. The details about spectrophotomtry system show the appendix 3.

3.4.1.(2) Specifications of the spectrophotometer
Specifications of the spectrophotometer are shown in Table 3-1.

3.4.1.(3) Specifications of the optical fiber
Specifications of the optical fiber are shown in Table 3-2.

3.4.1.(4) Sample cell :

A schematic diagram of the sample cell is shown in Figure 3-2. The sample cell was sealed
completely to keep moisture from entering. Optical fiber was connected from the side
direction to the sample cell to obtain higher light intensity and to lessen a loss. The optical
cell housing was stainless steel, which prevents corrosion by nitric acid. The sample cell was
a flow type to replace a sample solution easily in remote control. The optical cell and stainless
steel pipe were connected and sealed using an O-ring, which protected the connection from
unexpected vibrations and shocks. The condensing lens and optical cell (optical pathway = 10

mm) were made of quartz.

3.4.2 Other apparatus

Sampling was performed by sampling device TD-2S (Tsunakawa Engineering). Reagents
were added by the automatic burette Dosimat 665 (METROHM-SIBATA). The results of
calibration for the sampling device and the automatic burette were shown in Appendix 2.
Isotope abundance ratio measurements on prepared sample for validation analysis were
performed by thermal ionization mass spectfometry (TIMS) using Finnigan MAT262.

3.5 Sample preparation
3.5.1 Nd-internal standard method

The fraction of an HALW sample containing sludge was taken into a 50 mlL Erlenmeyer
flask containing a known amount of _Nd(III) as an internal standard. For dissolving the
plutonium in sludge, 2.0 mL of a mixed acid of 8 M HNOz and 0.025 M HF were added into
the flask, and the sarhple was then heated at 150 °C on a hot plate to near-dryness. The dried
sample was maintained at room temperature for 15 minutes, and was re-dissolved in 3 M
HNOs of 14 mL. Another sample without neodymium stahdard was treated in the same
‘procedure. Plutonium in the HALW sample was oxidized to hexavalent state by Ce(IV). An
oxidant of 2 mL of 0.5 M Ce(IV) was added into each flask, and the sample solution was
stirred. The sample was maintained for 5 minutes to oxidize the plutonium quantitatively to
Pu(VI). The diluted solution was filtered through a paper filter (ADVANTEC No.5C) to
remove insoluble fine residues. All of the reagents were added by burette from the outside of
the shielded cell. | ‘-

The prepared sample solution of 16 mL was introdﬁced into the sample cell. After prepared
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sample solution was thermostated at room temperature, spectrophotometric measurement
was made. Analytical procedure and measurement conditions of spectrophotometer were
shown in Table 3-3 and Figure 3-3, respectively.

3.5.2 IDMS

Two aliquot of a sample solution was taken from HALW using a pipette, and splked with
242Py. For dissolving the sludge, 3 mL of a mixed acid of 8 M HNO3 and 0.01 M HF was added
into each vial, and the sample was then heated at 150 °C on a hot plate to near-dryness. The
dried sample was maintained at room temperature, and was re-dissolved in 3 M HNOQs.

The re-dissolved solution was stirred for 1 minute by a magnetic stirrer. The solution was
filtered with a pre-filter of chromatographic column (Eichrom) to remove insoluble residues.
The diluted solution of 1 mL was diluted to 40 mL with 3 M HNOs, and stirred for 1 minute
by a magnetic stirrer, 0.1 mL of this sample solution was taken to a vial. Plutonium in
samples was completely adjusted to tetra-valence with 0.2 mL of 0.2 M sulfamic acid - 0.5 M
Iron(ID) sulfate solution and 0.5 mL of 1 M sodium nitrate solution, and they were dissolved
again in- 1 mL of 3 M HNOs after heating them at 95 °C to near-dryness. Each sample was
individually passed through an extraction chromatography column (TEVA-Resin) adjusted
with 3 M HNOs, and fission products were separated from HALW by rinsing with 16 mL
(2 mL x 8) of 3 M HNOs. Plutonium was eluted with 1.5 mL of 5.7 x 102M ascorbic acid
solution (0.5 mL x 3). A solution of 13.1 M HNOs was added to the solution to decompose the
ascorbic acid. They were dissolved in 1 M HNOs after heating them to near-dryness. For mass
spectrometry, 1 11 Lof these solutions were coated on a filament by passing at 2.0 A electricity
‘after evaporating the solution by passing at 0.7 A electricity. Another aliquot was also taken
from the sample solution for isotopic analysis, and was treated same procedure as spiked
samples. The relative isotopic ratio was determined for spiked and un-spiked.

4 RESULTS AND DISCUSSIONS

4.1 Performance for spectrophotometer and determination of optimum conditions
for measurement
4.1.1 Baseline noise

Baseline noise is one of an important factors affectmg accuracy. In our spectrophotometric
system, the noise in the absorption spectrum is greater than that of a conventional
spectrophotometer because optical fiber was used. Therefore, the baseline noise was
measured for checking the performance of this spectrophotometric system. _

For checking the baseline noise, a solution of 3 M HNOs was passed through the sample cell.
Its absorbance was measured ranging from 0 s to 120 s at the measuring wavelength of 830
nm (Figure 4-1). The difference between the mid-point and the maximum and minimum
values was £0.0003 Abs. Then, the baseline was corrected using a solution of 3M HNOs as a
blank, and the spectrum was stored in the computer’s memory. Subsequently, the absorption
spectrum of 3 M HNO3 was measured at slit width of 5.0 nm ranging from 850 nm to 780 nm
(Figure 4-2). The difference between the mid-point and the maximum and minimum values
was +0.0005 Abs.
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No significant -difference in noise was found compared with that of a conventional
spectrophotometer. ’

4.1.2 Replacement volume of the solution in flow type optical cell

The volume needed to replace the sample solution in flow type optical cell was examined.
The replacement volume in the cell was determined from the recovery of a solution of Nd(IID).
First, 30 mL of 3 M HNOs was added to the cell to replace the solution with 3-M HNO3
completely. After the NA(III) solution was added to the cell, absorbance at 795 nm was
measured. Figure 4-3 shows a relationship between the recovery and added volume of the
Nd(IID solution. As the figure, the solution of Nd(III) was recovered more than 99% by adding
14 mL. Therefore, the volume necessary to replace the sample solution was determined as
more than 14 mL.

4.1.3  Optimization of slit width

In our spectrophotometric system, the noise in the absorption spectrum increases when
compared with that of a spectrophotometer without optical fiber, because optical fiber was
used. The noise affects the repeatability of the measurements. Thus, it is necessary to
optimize the measurement conditions to lower the noise. The slit width of the
spectrophotometer is one of the most important factors in a spectral measurement. The slit
width was optimized by absorbance measurements using an HALW sample. Absorbance
measurements of Pu(VI) and Nd(III) were carried out with different slit widths of 0.2 nm,
1.0 nm, and 5.0 nm. Table 4-1 shows the relationship between the relative standard deviation
(RSD%) of the absorbance measurement and the slit width. When the slit width was 5.0 nm,
absorbance of Pu(VI) and Nd(III) resulted in good reproducibility of 1.2% and 5.4%,
respectively. Therefore, absorbance measurements were carried out using the 5.0 nm slit
width in all the experiments.

4.2 Pre-preparation conditions -
4.2.1 Amount of hydrofluoric acid for dissolving plutonium in an HALW sample
containing sludge.

Plutonium in the sludge was dissolved to determine the total amount of plutonium in the
HALW sample with sludge. For dissolving the plutonium, hydrofluoric acid(HF) was added to
the HALW sample and the sample was heated in 6.3 M HNOs with the HF. Figure 4-4 shows
the relationship between the HF concentration and plutonium concentration in the HALW
sample. The plutonium concentration in the HALW sample without sludge was 30.6 mg L.
The plutonium concentration in HALW sample containing the sludge was 32.8 mg L1, and
the concentration was increased about 20% by heating in 6.3 M HNOs. The plutonium
concentration was 40.0 mg L'5; it showed a constant value when HF was adjusted to greater
than 5 x 107 M. Therefore, a concentration greater than 5 X 107 M of HF was inferred to be
sufficient for dissolving the plutonium in the HALW sample containing sludge.

4.2.2 Effect of uranium on plutonium measurement with hydrofluoric acid.

An HALW sample solution was heated on a hot plate to near-dryness after addition of HF to
dissolve plutonium in the sludge. Influence of the HF was tested by determining plutonium in
the standard solution with HF. Plutonium standard solutions were measured after the same
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pre-preparation for dissolving the plutonium in the sludge. The found value of the standard
solution was 40% lower than the value of the solution. The remaining HF in the sample
solution after heating is inferred to causes an error in determination of plutonium because of
complexation with HF ®. Figure 4-5 shows the effect of uranium on plutonium with HF ®. The
found values agreed well with the taken values when the concentration of uranium was
adjusted to greater than 5.3 X:10% M. Therefore, it is confirmed that the remaining HF in the
solution after heating has no influence on the plutonium concentration by coexisting uranium
of same degree amount of plutonium. In this work, HF had no influence on the plutonium
concentration because HALW contains more than 2 X 103 M uranium.

4.2.3 Amount of cerium(IV) as an oxidant

Oxidation from Pu(I), PulV) to Pu(VI) is necessary before spectrophotometric
measurements. This oxidation is accomplished by the addition of cerium(IV)(Ce(IV)). Figure
4-6 shows the relationship between the amount of Ce(IV) and absorbance of Pu(VI). The
absorbance showed a constant value when 6.7 x 107 mol of Ce(IV) or more was added. The
amount of Ce(IV) determined as optimum.was determined as 1.5 times the equivalent
molarity to the plutonium in HALW. Therefore, the amount of Ce(IV) was determined as 6.7 x
107 mol, corresponding to more than 1.5 times moles of plutonium at least.

4.2.4  Stability of hexavalent state of plutonium in HALW
The stability of the hexavalent state of plutonium in the HALW sample solution with Ce(IV)
was examined. Figure 4-7 shows the relationship between absorbance of Pu(VI) at 830 nm
after adding Ce(IV), along with elapsed time. The relative standard deviation of the
measured absorbance was within 1.1% during 10— 140 min. In this work, the HALW -sample
is measured within 30 min after adding Ce(IV). Therefore, the absorbance of Pu(VI) at 830
" nm was not influenced by other elements contained in HALW.

4.2.5 Determination of the baseline and the peak heights of plutonium(VI) and
neodymlum(IID
Absorption spectra of HALW and Pu(VI) standard solution with Nd(IID are shown in Figure
4-8. The absorption spectrum of HALW is apparently different from that of the standard
solution because the HALW sample is suspended as a result of remaining insoluble residues,
which cause light scattering and background increasing. In addition, HALW contains other
elements, e.g. Am(II]), that have a certain absorbance. Therefore, the baseline determination
to characterize the peaks of Nd(IID) and Pu(VID) in HALW should be made in consideration of
those effects. Regarding proper assignment of an established baseline, the following
‘approaches were attempted for the absorption spectrum of HALW. Figure 4-9 shows
modeling of baseline and peak height determination using two different means. The
three-point method uses upper side point (838 nm) and lower side point (825 nm) bracketing
Pu(VI) peaks (830 nm) to produce a baseline that has points determined with the inflection
points obtained using the second-order derivative spectrum of Pu(VI) in 3 M HNOs medium.
On the other hand, the two-point method uses a horizontal line extrapolated from the upper
side point (838 nm) against the Pu(VI) peak. Both methods use the same extrapolated
baseline to determine the Nd(III) peak height.
The applicability of these methods was investigated for baseline determination of the
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Pu(VI) peak height. Plutonium concentrations were calculated using a calibration curve
prepared with Pu(VI) standard solutions. They were compared with that of IDMS. As a
result, the analytical value ( 86.3 + 5.8 g Li'1) by two-point method agree well with that of
IDMS (83.0 + 0.2 g L), whereas the three-point method gave a 15 % lower result ( 72.9 + 3.0
g L'1) than that of IDMS. Difference in analytical results are explainable by comparison of
absorption spectra of HALW and Pu(VI) standard solution with Nd(IID). As shown in Figure
4-8, absorptions between NA(IID and Pu(VD) peak were observed in HALW spectra.
Accordingly, overlapping of the absorbance was also observed at 825 nm, which is used for
making a baseline. This would indicéte that the three-point method evaluates the peak
height of Pu(VI) as lower than the expected value. It is therefore possible that absorption is
affected by other elements, e.g. Am(III) having an absorption peak at 811 nm 9, or that the
increase of absorbance is caused by the scattering of light from fine particles in the measured
sample. On the other hand, such influences at the upper side point of 838 nm and top of
Pu(VD peak (around 830 nm) can be of limited significance in the two-point method. This
argument was based on an éxperimental result obtained from independent measurements of
Am(II) at the wavelength. Therefore, the two-point method was chosen for baseline
determination in peak evaluation of the HALW sample. ' :

4.2.6 Molar extinction coeffici»ent ratio

The experimental molar extinction coefficient ratio of Pu(VI) to Nd(IID, epu/eng, needs to be
determined in advance because the plutonium in the HALW sample is calculated from
equation (7). The molar extinction coefficient ratio can be calculated from the relationship
between the Pu(VI)/NA(III) concentration ratio and the Pu(VD/NA(III) absorbance ratio.
Figure 4-10 shows the relationship between the Pu(VI)/Nd(III) concentration ratio and the
Pu(VD/NA(IID absorbance ratio, which was obtained from a set of measurements of Pu(VI)
and NA(IT]) standard solutions. A linear relationship exists (correlation coefficient: >0.999),
and the calculated molar extinction coefficient ratio was 34.3 £ 8.1% (n=6).

4.3 Plutonium measurement by Nd-internal standard method
4.3.1 Amount of neodymium(III) as an internal standard

Plutonium in an HALW was analyzed to confirm the effects of added amounts of Nd(III) as
an internal standard. The NA(ITI) was added to the HALW sample at 15—50 mg. The
analytical results are shown in Table 4-2. The relative standard deviation (RSD%) for three
different analyses of the HALW sample was within 3.8%. No significant difference was
detected between the mean values for respective amounts of Nd(IID). It is noteworthy that an
inspector can control the amount of Nd(ITI) independently as an internal standard because it
can be changed to any value of 15—50 mg. Consequently, the facility operator can be blinded
to the amount of the internal standard. Using this method, an inspector can use the internal
standard as an index for the authentication of the analytical scheme and the inspection
procedure by adding neodymium as an internal standard and evaluating whether the results
of absorbance measurements of the Nd(ITI) correspond to the amount of the added Nd(IID).

- 4.3.2 Analytical results for standard solutions ,
A series of standard solutions ranging from 3.67 to 18.36 mg L' was prepared to
demonstrate the proposed method. The samples were analyzed ‘using the Nd-internal
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standard method and the analytical results are summarized in Table 4-3. Although the
difference between the found and taken values on the sample with the lowest concentration
was larger than others, this appears to result from the measurement uncertainty on
spectrophotometry for such a sample with low concentration. Therefore, the fundamental
performance of the method was proven for plutonium measurement in HNOs.

-4.3.3 Analytical results for HALW .
Plutonium in the HALW sample was analyzed to confirm the performance of the Nd-internal
standard method. The results were compared with the calibration curve method, which is a
general spectrophotometric method. Table 4-4 shows the analytical results for concentration
of plutonium in HALW obtained using the Nd-internal-standard method and the calibration
curve method. The relative standard deviation (RSD %) for five repeated analyses of the
HALW sample was 2.9%. No significant difference was found in precision between methods.
The determination limit of 10 times the standard deviation was 6 mg L1, The analysis time
required for an analyses was about 4 h.

4.3.4 Comparison of Nd-internal standard method and IDMS

Validation analyses were carried out using HALW samples taken at TRP. The analytical
results obtained using the proposed method were compared with those from IDMS. Figure
4-11 shows a comparison of IDMS and the proposed method for plutonium. The error bars on
the plots Wére determined from the expanded uncertainty 19 10 (coverage factor k= 2.0). The
plutonium in HALW obtained using the proposed method agreed well with values obtained by
IDMS to within + 10%. '

4.4 Acceptance test

Two HALW samples were measured as a part of acceptance test performed on 20083 in order
to evaluate the validity in this method by IAEA and JSGO. In addition to the two-point
method, the results evaluated by the three-point method were also shown as reference.

4.4.1 Molar extinction coefficient ratio .

Molar extinction coefficient ratio of Pu(VI) to NA(III), epu / eng, was determined using a
nedodymium standard and plutonium standard prepared by IAEA. The relation between
Pu(VD)/NA(III) absorbance ratio and concentration ratio was shown in Figure 4-12. The
correlation coefficient was resulted in 0.9985. The calculated coefficient ratio, epu /eng, was
36.989.

4.4.2 Analytical results for HALW ) ) ,

Validation analyses were carried out using HALW samples having different concentrations
of plutonium. The analytical results obtained using the proposed method were compared with
those from IDMS. The comparisons of IDMS and proposed method for plutonium were shown
in Table 4-5 and Table 4-6. Plutonium concentrations using spectrophotometry shown in
Table 4-5 and Table 4-6 were evaluated by two-point- method and three-point method,
respectively. The plutonium concentrations in HALW calculated by three-point method were
lower than those of IDMS. On the other hand, the plutonium concentrations calculated by
two-point method were agreed well with values obtained by IDMS within the range from
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-8.9% to 6.3%.
5. CONCLUSIONS

An analytical method using a conventional spectrophotometer was developed for safeguards
on-site verification to determine the plutonium in HALW at TRP. Validation of the proposed
method in this work was carried out using IDMS with an actual HALW sample collected from
TRP. The mean values obtained using the proposed method show good agreement with that of
IDMS within + 10%. The relative expanded uncertainty was found to be 8.9% (coverage factor
k= 2.0) for a typical HALW sample (173 mg L-). The uncertainty values were lager than that
of IDMS, but it appears that the value was within HALW analysis criteria. The
determination limit was then calculated to be 6 mg Ll from 10 times the standard deviation.
This determination limit indicated that the proposed method can be used reasonably for
determination of plutonium in HALW from TRP, for which the concentration was higher than
about 40 mg L1

This method offers easy and rapid determination of plutonium in HALW, requiring neither
complicated analytical procedures nor skilled operators. The proposed method greatly
simplifies the process of inspection activities without the necessity for transport of nuclear
materials for off-site analyses. This approach greatly reduces the complexity and cost of
analyses compared with IDMS. It requires no complicated procedures or expensive
equipment. The proposed method with an authentication measure using a controlled
standard of neodymium is applicable for rapid determination and allows implementation of
independent safeguards analysis at TRP. Implementation of this method as part of inspection
activity is currently being examined, as well as the declaration way from operator for
accountability of plutonium in HALW at TRP.
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Fig.3-1 Schematic diagram of spectrophotometric system installed in shielded cell

Table 3-1 Specifications of spectrophotometer

Model V550 UV/VIS Spectrophotometer (Jasco)

Single monochromator double beam type
Optical system UV/VIS region: 1200 lines/mm plane grating

Czerny-Turner mount

Resolution 0.1 nm

Deuterium lamp: 190 to 350 nm
Light source .
Halogen lamp: 330 to 900 nm

Light source changeover
Any wavelength between 330 and 350 nm can be selected

wavelength

Wavelength range 190 nm~900 nm

Wavelength repeatability + 0.1 nm (at a spectral bandwidth of 0.5 nm)
Wavelength accuracy + 0.3 nm (at a spectral bandwidth of 0.5 nm)
Spectral bandwidth 0102 054,25 10mm

L2, L5, L10 nm (low stray-light mode)
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Response Stray light

0.015%T
(220 nm: Nal 10 g/L aqueous solution)
(840 nm:'NaNOz 50 g/L aqueous solution)

Photometric mode

Abs, %T, %R, Sam, Ref

Photometric range

-2~3 Abs 0~200 %T

+ 0.001 Abs. (0 to 0.5 Abs.)

Photometric repeatébility

Photometric accuracy

+0.002 Abs. (0.5 to 1 Abs.), + 0.002 Abs (0 to 0.5 Abs.),
+ 0.004 Abs. (0.5 to 1 Abs.), £ 0.3%T

Response

Quick, Fast, Medium, Slow

Wavelength scanning

4000, 2000, 1000, 400, 200, 100, 40, 20, 10 nm/min

Wévelength moving speed

8000 nm/min

Data pitch

0.025, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10 nm/data

Baseline flatness

+0.001 Abs. -

(value obtained after baseline correction when temperature
valiation is within 5 C, wavelength: 200 to 850 nm,
response: Medium, spectra band width® 2 nm, and

wavelength scanning: 100 nm/min

Baseline stability

=+ 0.004 Abs/hour

(value obtained more than one hour after turning ON the
power when temperature variation is within 5 C,
wavelength: 250 nm, response: Slow, and spectral

bandwidth: 2 nm)

Detector

Photomultiplier tube
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Table3-2 Specifications of optical fiber

| Model Quartz optical fiber (MITUBISHI CABLE INDUSTRIS)
ST230D
Optical fiber | | Core diameter: 230p1h, Fiber diameter: 250p m
N A:0.2£0.02
Rate of disconnection | Within 2%

Heat resistance

A section of sleeve: 120 C  Others: 80 C

Permission curve R

Over 80 mm

The number of fiber core

Sample cell — Detector
Reference cell — Detector -

164 core

Spectrophotometer — Sample cell

Spectrophotometer — Reference cell

108 core
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Table 3-3 Measurement conditions of spectrophotometer

Model
Band width

Response

‘Measurement range .

Data pitch
Scanning speed
. No. of cycle

Reference

JASCO V-550

50nm
Medium
850 - 780 nm
0.2 nm
40 nm min!
1
3 M HNOs
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| HALW sampl |
A 4 l v
' Stirring I
v 1 T
Sampling X mL Sampling X mL Sampling X mL

Rinsing X mL HNOg 8M

Rinsing X mL HNO3; 8M

Rinsing X mL HNO; 8V

:

)

v

Aliquot 1

Empty flask

!

- Aligout 2

Flask containing Nd standard

Aligout 3

Flask containing Nd standard

v

| Add 2 mL mixed Acid (HNO; 8 M+HF 0.025 M) I

l

Heat at 150°C until near dryness

\4

l Leave the flask for 15 minutes at room temperature I

l

Put a stirrer bar into each flask

v

\4

e(IV)0.5 M (Volume adjustment total 16mL)|

y
| Redissolve in 14 mL HNO; 3 M, add 2 mL C

\4

Stirrer for 5 min.

A4

Wait for 5 min.

\ 4

y

Filtering (No.5C)

\4

4

I Transfer the solution into the measurement cell and wait 5 min. for room temperature |

y

!

v

I Measure the absorption spectra of Nd and Pu in the range of 850 nm to 780 nm I

X=2~4mL

Fig. 3-3 Analytical procedure of plutonium in HALW using Nd-internal standard method
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Fig. 4-1 Absorption spectrum of blank for 3 M HNOs ranging from 0 s to 100 s at 830 nm.
Slit width: 5.0 nm, Data interval: 0.2 s. ‘
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Fig. 4-2 Absorption 'spectrum of blank for 3 M HNOs ranging from 850 nm to 780 nm. Slit

width: 5.0 nm, Scanning speed: 40 nm minl.
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Fig. 43 Recovery of neodymium(III) solution in flow type optical cell. Recovery/% =
[Measured absorbance at 795 nm when a certain volume of neodymium(III) solution was

added to the sample cell] / [Measured absorbance at 795 nm when 30 mL of neodymium(III)

solution was added to the sample cell] % 100. Neodymium(III) solution was 2.5 g L.

Table 4-1 Effect of slit width on plutonium(VI) and neodymium(III) absorbance in HALW

Slit width 0.2 nm 1.0 nm 5.0 nm
Absorbance of Pu(VI)  0.0110+0.0001 0.0076 + 0.0007 0.0067 + 0.0001

RSD % 2.2 (24.7 %) (15.4 %) (1.2 %)
Absorbance of Nd(III)  0.0115 +0.0018 0.0049 £ 0.0004 0.00;12 + 0.0002

RSD % 0.2 (8.6 %) (8.0 %) (5.4 %)

1) Relative standard deviation; 2) n =3
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Fig. 44 Relation between plutonium concentration and hydrofluoric acid concentration.
Nitric acid concentration was 6.3 M. The sample was heated at 150 °C to near-dryness after

addition of hydrofluoric acid.
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Fig. 4-5 Effect of uranium addition on plutonium measurement with hydrofluoric acid. The
dotted line shows the taken value of plutonium concentration. The sample solution was

heated to near-dryness after the hydrofluoric acid concentration was adjusted to 3 x 103 M.
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Fig.4-6 Effect of cerium(IV) on the oxidation of plutonium in HALW. Measurement

wavelength was 830 nm.
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Fig.4-7 Stability of the hexavalent state of plutonium in HALW with cerium(IV).
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Fig.4-8 Comparison of absorption spectra of a) 1.3 g L' neodymium(I1I), b) HALW with
cerium(IV), ¢) 0.025 g L plutonium(VI) in 3 M HNOs '
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Fig.4-9 Determination of plutonium(VI) absorbance and neodymium(III) absorbance
using (a) three-point method and (b) two-point method. _
Three-point method designates 3 points to determine the baseline and two-point method

" designates 2 points to determine the baseline.
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Fig.4-10  Relation between plutonium(VI) / neodymium(III) concentration ratio and

plutonium(VI) / neodymium(III) absorbance ratio.

Table 4-2 Influence of added amount of neodymium(III) as an internal standard on

plutonium concentration in HALW.

Taken neodymium(III)  Found plutonium v SD2 - RSD?®
/ mg /mg L1 /mg L1 ! %
15 13.3 0.51 3.8
30 13.0 | ‘0.02 0.1
50 13.3 0.17 1.3

9

1) n=3; 2) Standard deviation; 3) Relative standard deviation
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Table 4-3 Analytical results for standard solution using Nd-internal standard method.

Sample Téken plutonium Found plutdr;ium 2),3) Differeﬁéé Y
No. . v / mg L1 /mg L1 /%
1 - 3.7 3.96 7.6
2 9.18 9.0 | 2.0
3 18.36 : 18.00 : 2.0

1) Neodymium(II) concentration was 0.01 M in each samples; 2) n=2;
3) neodymium(II) as an internal standard concentration was  0.01 M; 4)

Difference%=| (Found)-(Taken) | / (Taken) x 100

Table 4-4 Analytical results of plutdnium for HALW using Nd-internal standard method

and calibration curve method.

Determination method

Sample No , . _
Calibration curve method Nd-internal standard method ¥

n=1 196 22.1

n=2 21.2 . 22.3

n=3 20.8 21.3

n=4 20.2 20.9

n=5 | 20.4 ' | 21.1

- Average / mg L't 20.6 : 21.5
SD 2/ mg L1 1.0 ‘ 0.6
RSD 3 /% 4.7 2.9

1) Amount of neodymium(IIl) as an internal standard was 20 mg; 2) Standard deviation; 3)

Relative standard deviation.
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Fig.4-11 Comparison of Nd-internal standard method and IDMS. e: Spectrophotometry
using Nd as an internal standard, o: IDMS; Error bar shows expanded uncertainty (Coverage

factor k= 2).
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0.00 2. i 1 i i I 1 L H 1 1 i1 1 1 1
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Concentration ratio Pu/Nd

Fig.4-12 Relation between plutonium(VI) / neodymium(II) concentration ratio and
plutonium(VI) / neodymium(III) absorbance ratio. Peak heights of plutonium(VI) and
neodymium(II), A : Two-point-method, (] : Three-point method -
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Pu absorbance

0.00 1] ] i 1
0 0.00005 0.0001 0.00015 0.0002 ~ 0.00025

Pu concentartion /M

Fig. 4-13 Relation between plutonium(VI) concentration and plutonium(VI) absorbance.
Peak heights of plutonium(VI) and neodymium(III)i A\ : Two-point-method, [1 : Three-point
method

0.14
012
010 | : ’ y =6.9351 x
R =0.9989
0.08 |

0.06 |

Nd absorbance

0.04 t

0.02 |

0~00 I . ' H - i | [ £ I i
0 0.002 0.004 0.006 0.008 0.01 0.012 _0.014 0.016 0.018 0.02
'Nd concentartion /M

Fig. 4-14 Relation between neodymium(II) concentration and neodymium(III) absorbance .

Peak heights of plutonium(VI) and neodymium(III): Two-point method
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Appendix 1

Verification analysis using Nd-internal standard method

-Operating Manual-

Tokai Reprocessing Plant
JAEA
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1. General

1.1 Scope

This procedure describes the determination of the plufonium concentration in
HALW by spectrophotometry.

The procedure applies to the analysis of solutions containing less than 400 mg/L
and more than 50 mg/L of plutonium. :

1.2 Principle and Outline of the Procedure

Plutonium concentration in HALW sample is determined using Nd as an internal
standard, so called Nd-internal standard method. Sludge in HALW sample is
dissolved in mixture of HNOs and HF. Subsequently plutonium is quantitatively
oxidized to plutonium (VI) in 3M HNOs using a Ce(IV) nitrate solution before
spectrophotometric measurement. The plutonium concentration in HALW can be
calculated using the molar extinction coefficient ratio of Nd (ITD) and Pu VD, en/
¢ ps, and the absorbance ratio of Pu (VI) and Nd (III), (Aru)y/(Ana)y in HALW
sample that a known quantity of Nd is being added. The amount of Nd initially
existing in HALW is corrected with the absorbance ratio, (Ar)x/(Ana)x, in HALW
sample without Nd spike. | |

2 Apparatus and reagents
2.1 Instruments
« Spectrophotometer — Jasco V-550 single monochromator
o LAP TOP Computer
« Evaluation Software—Jasco V series spectra manager Ver.1.53N
« Measurement cell, flow type, quartz, lcm
. Bundle optical fibers (core diameter 230 ym, cladding diameter 250 pm)
« Thermometer | ’
« 50 mL Erlenmeyer flask
« Automatic burette
« Sampling device to take HALW aliquot
» Hot plate |
« Filter paper (No.5C) and funnel
2.2 Reagents , v
« A plutonium stock solution (0.2 gL?) prepared by dissolving a large size dry
spike (LSD) containing 2 mgPu in 3 M HNO:s '
+ 0.5 M Cerium nitrate - Ce(NH4)2(NOs)¢ in 3 M HNOs
« 3M HNOs
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« 8 M HNO3
. Nd203
« 8 M HNO:3 + 0.025 M HF

2.3 Measurement Conditions

« Band width :5.0 nm
« Scanning speed - 140 nm/min
« Data pitch :0.2 nm

« Scanning wavelength- range : 780 -850 nm

« No. ofcycle - - 01
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3 Sample Preparation

3.1 Standard solutions containing known amount of Nd

determining the calibration factor

and Pu for the

Operator (JNC) activities

Inspector (IAEA, JSGO)

activities

Location

1) Write down LSD spike No. and

Prepare a LSD spike and a

Nd spike flasks No. set of four Nd spikes.
2) Introduce the LSD spike into | Check the LSD spike No. G105 No.1 G.Box
G.Box No.1 (Bag in). Introduce | Check the Nd spike No. G105 No.5C Cell

the Nd spike flasks into hot cell
No.5C (bag in).

3) Transfer the Nd spikes flasks to
No.4.

G105 No.5C — No.4

4) Remove aluminum cap from
the LiSD spike.

I/0 (Inspector Observation)

G105 No.1 G.Box’

5) Transfer the LSD spike by
pneumatic tube to No.5C and

transfer to No.5B.

G105 No.1 ~ No.5C
— No.5B

6) Remove rubber cap from the G105 No.5B
LSD vial.
G105 No.5B

7) Put a stirrer bar into the LSD

| vial.

8) Transfer the LSD vial to No.4.

G105 No.5B — No.4

9) Add 10 ml 3 M HNOs by
dispenser (Automatic burette).

(Red Line).

G105 No.4

10) Transfer the LSD vial to No.
5A.

(G105 No.4 — No.hA

11) Stir for 5 min. to completely
dissolve the LLSD spike.

Check the completeness of

the dissolution

G105 No.5A

12) Transfer the LSD

solution to No.4.

spike

/0

G105 No.5A — No.4

13) Add 0.5 mL, 1.0 mL, 2.0 mL
and 4.0 mL of the solution to each
Nd spike flask by sampling device
(White line).

G105 No.4
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14) Add 2 mL of HNOs 8 M + HF

0.025 M using dispenser. (Green |-

in flask to Cell Nob5A for
spectrophotometric measurement.
Pu peak top (around 830 nm)
‘| Nd peak top (around 795 nm)

Line).
15) Heat them on a hot plate at | Check the temperature
| 1500 C until near dryness. >150°C.
16) Stop heating and leave the | Check the dryness. G105 No:4
flasks for a few minutes. |
17) Put a stirrer bar into the | /O
| flask.
118) Add 14mL HNOs 3M by | Check the dissolution.
dispenser (Automatic burette).
(Red Line).
19) Add 2 mL Ce(NH49)2(NO3)s 0.5 | I/O
M by dispenser. (Yellow Line).-
20) Stir for 5 min. G105 No.4 — No.5A
21) Wait for 5min. S G105 No.5a — No.4
22) Filter the solution through a | Check the flask No.
filter paper (No.5C). _
23) Transfer the filtered solutions | I/O

G105 No.4 — No.bA
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3.2 HALW sample

Operator (JNC) activities

Inspector (IAEA, JSGO)
activities

Location

1) Transfer the flask containing‘

HALW sample to No.4.

Check the sample No.

G105 No.1 - No.4

2) Take HALW sample 2 to 4 mL
(Sampling volume depends on the
sample conditions such as Pu
‘ flask
containing Nd spike (1=2) by
Take HALW

sample 2 to 4 mL into an empty

concentration.) into a

sampling device.
flask (n=1) by sampling device.

(White Line). Taken immediately

after mixing.

Check the flask No.
I/0 (Inspector Observation)

G105 No.4

3) Add 2 mL of HNOs 8 M + HF
0.025 M by dispenser. (Green
Line).

4) Heat them on a hot plate at
1500 C until near dryness.

Check the temperature >150
0C.

5) Stop heating and leave the

flasks for 15 minutes.

Check the dryness.

G105 No.4

6) Put a stirrer bar into each
flask.

I/0

7 Add 14mL HNO: 3M by
dispenser (Automatic burette).
(Red Line).

Check the dissolution.

8) Add 2 mL Ce(NH92(NOs)s 0.5
M by dispenser. (Yellow Line).

9) Stir for 5 min.

I’0 -

10) Wait for 5 min.

11) Filter the solution through a
filter paper (No.5C) to remove

particles.

Check the_ flask No.

12) Transfer the filtered solutions

I/0

G105 No.4 — No.bA
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in flask to cell No.5A for
spectrophotometric measurement.
Pu peak top (around 830 nm)
Nd peak top (around 795 nm)
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4. Spectrum Measurement

This section describes the procedures for starting the “Spectrum Measurement

program”, measuring standard samples, saving measured spectra.

4.1 Procedural overview -

- The [Spectrum measurement] program measures sample spectra for a set of

measurement parameters. It also does baseline measurement for correcting sample

spectra. Spectra cannot be printed or saved in the [Spectrum Measurement] program.

[Spectrum measurement] automatically starts the [Spectra Analysis] program and the

spectra are displayed in the active view. Spectra can be saved and printed in the

[Spectra Analysis] program.

<Procedural overview>

[Spectra Manager] startup (Section 4.2)

v

[Spectra measurement] program startup (Section 4.3)

v

Setting measurement parameters (Section 4.4)

v

Setting theibaseline (Section 4.5)

v

~ Save baseline spectrum (Section 4.6)

v

Sample measurement (Section 4.7)

v

Save sample spectrum (Section 4.8)_

[Spectra measurement] program

4

[Spectra analysis] program

‘[Spectra measurement] program

[Spectra analysis] program
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4.2 [Spectra Manager] startup

1) Select [Jascol-[Spectra = Manager] (or | The [Spectra Manager] dialog box

) appears.

Huantitative Analysis
. Spechium Meastemer
B JASCO Canvas Time Courze Measurement
| 133 Fived \Wavelength Measurement
Aba/ET Meter
Erediraniment

Fig. 4.1 [Spectra Manager] dialog box
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4.3 [Spectrum measurement] progfam startup

1) Double-click [Spectrum Measurement] in | The program starts and the following

the [Spectra Manager] dialog box. - dialog box appears. -

0.005 , ; ,
0.002f--------=----- ---------------- Beneeees
Abs O Pt P P
0,002 f--rmnenn e Pmmmmememeoooes RARRELECES bessseed
-0.005 ! : ' ; ' : i
780 800 820 , 840 850
Wawelength [nm] :

Fig. 4.2 [Spectra Measurement] dialog box
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4.4 Setting measurement parameters

1) Select [Measurement]-[Parameters] in the | The following dialog box appears.

[Spectra Measurement] dialog box.

. DataPich
,Fmg}:ii y

Fig. 4.3 [Spectra Measurement-Parameter] dialog box

2) Input parameters (D) or reload parameters
from parameters list ().
@® Input following measurement
Parameters in  the  [Spectrum

measurement-Parameter] dialog box.

[Parameters]

Photometric Mode ‘Abs.
Response ‘Medium
Band Width ©5.0 nm
Scanning Speed 40 nm/min
Start * 850 nm
End © 780 nm
Data Pitch :0.2 nm
No. of Cycle 01

Display - Auto
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@ Reload the parameters from parameter list

- in the [Parameters-Open] dialog box.

a) Click

Measurement-Parameter] dialog box.

<Open> in the

dirternal method

[Spectra

The parameters n the
[Parameters-Open] dialog box was

inputted and saved in advance.

The following dialog box appears.

Fig. 4.4 [Parameters-Open] dialog box

b)  Select parameter name (e.g. [Nd-internal

- method]) from “Parameters List” in the

[Parameters-Open] dialog box.

¢) Click <OK> in the [Parameters-Open]

dialog box.

Closes the [Parameters-Open] dialog

box.

3) Chick <OK> in the

Measurement-Parameter] dialog box.

[Spectra

The parameters transfer to the

spectrophotometer.

- — 45 —
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4.5 Setting the baseline .

The baseline defines the "0" absorbance level. The baseline value is subtracted from
the measured data in order to determine the correct spectrum of sample. The baseline
is inherent to each instrument. In order to maximize the accuracy of the spectra, the
baseline must be measured under the same conditions as those used for measuring the

spectra.

1) Select [Measurement]-[Baseline] to start | The following dialog box appears.
the Dbaseline measurement in the

[Spectrum Measurement] dialog box.

|
Fig. 4.5 [Baseline] dialog box

2) Remove the check mark from [Full
Wavelength] check box. Put a check mark
in the [Baseline Correction] check box in

the [Baseline] dialog box.
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3) Click <Measure> in the [Baseline] dialog | The baseline measurement starts.

box.

820
Wavelength [nm]

Fig. 4.6 Baseline spectrum

4) When  measurement finished, the | Baseline data is automatically
[Parameters-Save] dialog box opens. transferred to the [Spectra Analysis]
Input parameter name you want. program and is displayed on the view.

Fig. 4.7 [Parameters-Save] dialog box
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5) Click <OK> in the [Parameters-Save]

dialog box.

4.6 Save baseline spectrum
When baseline measurement is finished, the [Spectra Analysis] program stars

automatically and baseline spectrum is displayed in the active view.

1) Select [File]-[Save As] to display the [Save | Saves the active spectrum in the.
As] dialog box in the [Spectra Analysis] | active view under a new filename and

dialog box. location.

2) Select drive or directory from [save in] drop

down list.

3) Input the filename you want in the [File

name] text box.

4) Click <Save> to save spectrum.

I

977

¥ j]e_name T ————
CTetnme |

Fig. 4.8 [Save As] dialog box
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4.7 Sample measurement

1) Place the sample in the measurement cell

2) Select [Measurement]-[Auto Zero] in the

[Spectra Measurement] dialog box.

Sets the observation value of the

current wavelength to zero.

3) Click [Measurement] -[Start] (or click on

the <start> button.)

The sample is measured and the
measurement progression appears.
When measurement is finished, the
[Spectra Analysis] program stars
automatically and spectrum is

displayed in the active view.

0.06

0.0z

-0.01
TAD

Wavelength [nm]

Fig. 4.9 [Spectra Analysis] dialog box (spectrum view)

4.8 Save sample spectrum

When sample measurement is finished, the [Spectra Analysis] program stars

automatically and sample spectrum is displayed in the active view.

1) Repeat step 1)-4) in "4.6 Save baseline

spectrum” .
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5. Spectra Analysis Program

5.1

Peak Find

This function finds spectrum peaks positions.

1) Select [Processing]-[Peak Process]-[Peak | Displays the [Peak Find] dialog box
Find] (or click the |t used to detect wavelength of spectrum
bar) to display the [Peak Find] dialog box | peaks.
in the [Spectra Analysis] dialog box.

Hlenamejws . .
0.09 :
0.08 b
Abs D04
n.oz
200
Wavelength [nm]
Fig. 5.1 [Peak Find] dialog box

2) Select [Top] from peak drop-down list. Lists available modes for detecting
v peaks/valleys.

3) Input a value 0.001 into [Noise Level] text | Input a threshold value wused to

box. recognize a peak. When the difference
between the start of a peak to its apex
does not exceed this value, the peak
will not be recognized. The units are
the same as those used in the active
_ spectrum.

4) Click <Execute>. Finds plutonium and neodymium
peaks . The dialog box closes and the
results of the search are displayed.

5) Click <Print>. Prints out the peak table (Fig. 5.2).




JAEA~Technology 2006-041

D.0g
0.08

o

-0.01
Ta0 200 220 &40 850
Wanrslength [rirn]

Bate YOO B0 1
bindel WSSO
Serial Mo, [
Band wmidth 0 nm
Response Wedium
hieazurement range 250 -730 nm
[rata pitch 0.2nm
Scanning speed JdOnmfmin
Sample Ik e
Mo, of cycle 1
Sample name
Dpearator
Eomment 1
F!o. nm bz Ha. nim Bz _:
' 1¢B30.2 3 0.01488 2795 003612

u@g_d__ 0.0142 _‘t’_5_--“0 B'IZV
L Y |

"
\
.,

Eeslf. pomtion of phatoriuem (1) ] Eeak position of neo daprrinm (2] ]

6) Click <OK>. Closes the [Peak Find] dialog box.

5.2 Peak Height , 7
This function detects the peak height and calculates the height ratio.

1) Select [Processingl-[Peak Process]-[Peak
Height] (or click the button on the tool
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bar) to display the [Peak Height] dialog
box in the [Spectra Analysis] dialog box.

820 340 850 |
Wavelength [nm] -

Fig. 5.3 [Peak Height] dialog box

2) Check [P1] checkbox. Select the peak to calculate peak
Check [P2] checkbox. ; height.

P1: Pu

P2: Nd

3) Click <setting...>. Open the [Peak Height-Set] dialog
box.
Set  the peak height detecting

parameters.

Fig. 5.4 [Peak Height-Set] dialog




JAEA-Technology 2006—041

4)

Click [P1] in the parameter display field.
Select [1 Point Basel] option button in the

[Baseline] group.

Set the parameter for [P1].

5)

Click [P2] in the parameter display field.
Select [1 Point Base] option button in the

[Baseline] group.

Set the parameter for [P2].

6) Click <OK>. Closes the [Peak Height -Set] dialog

box.

7) Click row of numbers to the right of [P1] in | The wavelengths of peak [P1] and the
the information displayA in the [Peak | base position are displayed in the
height] dialog box. wavelength setting fields, allowing

the wavelength to be changed.

8) Input a value into text box in the | Set the base wavelength for Peak 1.

wavelength setting fields.

Input a plutonium peak position into the
<peak> text box.

Plutonium peak position is shown in the
peak find table (1) (Fig. 5.5).

Input 838 into the <basel> text box. )
Input a blank into the <Base2> text box.

The wavelength can be set by directly

inputting a value into text box
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Fig. 5.5 Peak Height Table

9) Click <Apply>. Calculate the peak height of

plutonium around 830 nm.

10) Click row of numbers to the right of [P2]

in the information display.

The wavelengths of peak [P2] and the

base position are displayed in the
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wavelength setting fields, allowing

the wavelength to be changed.

11) Input a value into text box in the
wavelength setting fields.
- Input a neodymium peak position into
the <peak> text box.
Neodymium peak position is shown in the
peak find table @ (Fig.5.5).
Input 838 into the <basel> text box.

Input a blank into the <base2> text box. |

Set the base wavelength for Peak 2.
The wavelength can be set by directly

inputting a value into text box.

12) Click <Apply>.

Calculate the peak height of

neodymium around 794.6 nm. .

13) Click <Print>.

Prints out spectra, peak and base

positions, peak heights and peak

|'ratios (Fig.5.5).

14) Click <OK>.

Closes the [Peak Height]-dialog box.

6. Calculation of calibration factor and P

u concentration

1) Input parameters and results of absorbance ratio to the EXCEL format to calculate

calibration factor and Pu concentration.

2) After inputting parameters and results of absorbance ratio, print out this EXCEL

format.

7. References
1) JASCO Corporation: "V-5 3 0/550/560/570
Manual V-500 for Windows"

Spectrophotometer- Instruction

2) JASCO Corporation: "Spectra Analysis Program Instruction Manual Jasco

Spectrometers for Windows "
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Appendix 2

Calibration of sampling device and automatic burette

Table 1 Calibration of sani_pling /diluting device

No. Sampling volume (0.5 mL) | Sampling volume (1.0 mL)
Weight / Volume *1/ Weight/ -| Volume *2/
g mL - g mL
1 0.4923 0.4936 | 1.0033 1.0068
2 0.5025 0.5039 | 1.0039 1.0074
3 0.4973 0.4986| 1.0043 | 1.0078
4 10.4969 0.4982 | 1.0019 1.0054
5 0.4968 0.4981| 1.0015 | 1.0050
6 0.4974 0.4987| 1.0013 1.0048 -
7 0.4971|  0.4984| 1.0049 | 1.0084
8 0.4990 0.5004 | 1.0021 1.0056
9 0.4967 0.4980 | 1.0008 | 1.0043
10 0.4970 0.4983 | 1.0046 1.0081
11 1.0031 1.0066
12 1.0024 1.0059
13 | 1.0007 1.0042
14 1.0040 1.0075
" Average 0.4973 0.4986 1.0028 1.0063
sD | 0.0025 0.0025 | 0.0014 0.0014
RSD / % 0.50 0.14

*1 Density: 0.997296 g/cm? at 24.0C
*2 Density: 0.996512 g/cm? at 27.0C
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Table 2 Calibration of automatic burette

Diluting volume (2.0 mL)

Diluting volume (14.0 mL)

ne- Weight / Volume / Weight / Volume /
g - mL g ' mL
1 1.9746 1.9800 13.9204 13.9581
2 1.9640 1.9693 13.9277 13.9655
3 1.9674 1.9727 13.9483 13.9861
4 1.9674 1.9727 13.9502 13.9880
5 1.9730 1.9783 13.9508 13.9886
6 1.9636 1.9689 13.9525 13.9903
7 1.9765 1.9819 13.9330 13.9708
8 1.9650 1.9703 13.9518 13.9896
9 1.9667 1.9720 13.9548 13.9926 °
10 1.9666 1.9719 13.9595 | 13.9973
Average 1.9685 1.9738 113.9449 13.9827
SD 0.0046 0.0046 0.0130 0.0131
RSD /% 0.23 0.09

Density: 0.997296 g/cm3 at 24.0C
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Appendix 3

Spectrophotometry system

Figure 1 shows a schematic diagram of the optical pathway for the spectrophotometer
that was used in this work.. Light was transmitted by optical fiber from both the
reference and a sample cell sides to equilibrate the light intensities because the
intensity of light on the sainple and reference sides should ideally be equal.

The light should be transmitted to the same location of the photomultiplier because
the photomultiplier has different sensitivity according to the location where the lights
are transmitted. In this spectrophotometric system, the lights on the sarﬁple and
reference sides were transmitted to the same location of the photomultiplier because
the light is collected to a single optical fiber using two fiber branches and a single
pathway. Consequently, the sensitivity differential of photomultiplier]l, and the SN
ratio are improved when the light on the sample and reference sides were transmitted

to the photomultiplier.

These lights that has passed through
the sample cell and reference cell are
incident on the photomultiplier.

Mirror

Light transmitted —__|

The light on the  The light on the
through reference cell

sample side reference side

b
alim

/

Light transmitted
through sample cell

Sample cell

Optical fiber

Reference cell

Fig. 1 Schematic diagram of the optical pathway for the spectrophotometer
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