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LASER RAMAN SPECTROMETRIC DETERMINATION OF
OXY~ANIONS IN NUCLEAR WASTE MATERIALS

ABSTRACT

Oxy-anions in complex nuclear process-waste materials

are being determined by laser Raman spectrometry (LRS).

‘The double internal-standard technigue developed by

Marston is applied to the simultaneous determination of

up to six anions in alkaline solutions. The method of

Marston has been extended to solutions prepared from the
solids formed in nuclear waste storage tanks. As many as_

six anions, aluminate, chromate, nitrate, nitrite, phosphate,
and sulfate, are simultaneously determined in about one hour.
Carbonate may also be determined, but in the presence of the
prevalent nitrate, a chemical separation is required.
Individual methods have been relegated to a secondary status
due to the many advantages of LRS. Advantages such as small
sample size, speed of analysis, accuracy, and specificity will
be discussed. The typical precision obtained for analytes '
in high concentration is around five‘percent relative standard

deviation.
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OXY-ANIONS IN NUCLEAR WASTE MATERTALS
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fhe.éhemical'pfocessibé of irradiated nucigér;fué%s ﬁag
resﬁi?ed in large quahtities Qf.nuclear waété; which occur

ig three genérél ﬁypes: con¢éntrated aquéoué iiéﬁér;_&aﬁer
soluble salt cake, and éluagé aévihédluble Séits and -
Hydrokides. T;e ﬁéjof Speciés; other thénlwaﬁef;'aréugédium
salts Of oxy-ahions aﬁd the hyaroxides of élﬁ%inﬁﬁ and iron.
The ahalysié of these nucleér Qaste materials predents a
Aifficﬁlt £ask due to the cohcentrations and ;oﬁplexity of the
samples. Table I shows a likely compositién Gf waste samples.
Compositions may vary widely éné many other species may be
present in tkrace amounts. The methods used in the past h;ve
largely been trace methods for épeed, dilutionh of the matrix,

and freedom from interference. Examples are specific ion

electrode and spectrophotometric methods.

-

Knowledge of anion concéntrations 'is important to monitoring
the integrity of thée huclear waste storage, to research in
developing nuclear waste solidification methods, and to cur-

rent processes for processing waste liquors té salt cake.
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Irish and Chéen (1) have des;riﬁed the ué;~6f laser R%ﬁan

épecﬁioscopy (LRé) for deterﬁ%ning OXy-aniAhé; A, L; Marston
. : Cy e

(2) of the Energy Research.and Developmernt Adﬁiniétration's

Savahnah River nﬁclear plant has applied lasei Ramanlspéc—

troscopy to the detefmiﬁation of oxy-~anions in thée Savannah

River Plant'é waste superndte liquors.

The. work describéd here includes the applicétién of Mérstoh's
method to Hanford waste liquors, the use of LRS in analyzing

salt cake, sludge, and the LRS determination of carbonate.

EXPERIMENTAL

© e

Spécﬁré aré obtainéd on a Spex Industries ﬁéﬁéiog—S, thch
héé iédb grOové/ﬁm'hdibgraphic gratings, photéﬁ counting
é?é%é;, ahé d épectrai band pass of 3 cm™!, The 5145 R’
iiﬁ; Sf a éoﬁéfént Radidtion CR-5 argon laser is used.
ébééiél 'cépiiiary pipets’ are used (Figure 1) to inject
samﬁléé into’meiﬁing point capillaries. The capillaries
;re séaled for control of radicactivity Ly_folaing masking
tape over the ené. The capiliaf§ gipéts éie used with a

syringe as in Figure 1,

Waste Liguors: Waste ligquors are usuéliy filterea through
Millipore. BDWP-1300 0.6 um filters. Marstcon's method is

applied directly to solutidns with the fbiiowihg changes:
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0.1, ml. of 1M NaCqu and’ O 1 ml of sample aie dlluted 1nto

0 5 1 ml of lM NaOH 1n a 2= dram vial, except for samples of
. N ' .‘ _-

lbw ﬁitrate conéentratlbn, when the 0.1 ml of NaCqu i

added directly to 1. 00 ml of sample. Micté plpets are

rlnsed 1n the misxed allquotSa

salt Cakés: The salt samples are &issolve@ in water at
200+300 ‘grams per liter (g/i) concentratioh ahd ahalyzed

as a waste liquor.

Sludges. Samples are dlssolved in 6M HC1 at l g/3 ml
excess 13M NaOH (l ml) added, and the anions determined

on the centrlngate.

d llbratloﬁ. 'Stahdafd solutions were prepared by dissolving

Y

high purity Al wire 1h several molar NaOH, adéing weights

bf drled NaN02 and NaNO3 (as the internal standard). The

T L
¥

§61ﬁtioh Vblﬁmes weré determined by density and the total

welght Calibratidns éer the other anions were accomplished
by Marston's callbratlon technlque. Care had to be exer-
¢ised during the Poﬁ- calibfatibﬁ‘td stay within the
sbitbility‘of Na3POy. Spéctra héa to be taken promptiy
after mixing $blution aliquots of KH3POy, ﬁadﬂ, and NaNOj

to avoid pfecipitation of Na3zPO,-12H,0.
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Carbonate Detéiﬁihetioﬁ. 5The"bér§6hatefﬁiﬁré£e separation

© H
< s

is accomplished 'with the still shown in Fi§jure 2. The still
‘ S e 4

contains 10 perceht H3POy} the separatory EUnnel, carbonate-

free lM NaOH, After purging the still w1th nltrogen; NaOH

solution is admltted -to the trap to a depth &f 9 10 cm.
Nitrogen is then adjusted to & flow whic% i; just short of
ﬁesﬁihg_the NaOH catch eoiution ieto the buis at ;he top of
the tfép¢ éampie aliquots are inéreduced'throﬁgh the septum
with a 2.5 ml Hemilton micro—eyringe. Qhéﬁtitetive distil-
lation is obteined within id minutes. Tﬁé'céteh solution

is then dralned 1ﬁto a 2-dram vial, 0.25 ml of 1M NaCloOy

added’ and the ratio, ICQ3j1070 cm~!), measured with the
: ClO =(935 cm™*)

]

Béﬁen éﬁectremete;i Mﬁltiple sample aliquots may be added

uhtil the 5till is either full or the acid is exhausted.
Calibration mdy beée performed with distilled and/or undis-
tiiled standard eiiquots‘

>

in&iﬁ?dﬁal‘MEéhsﬁs; baée oe iﬁdividua; methods was largely
greduceﬁ b& tecﬁhicians in a ieéatiné é%ift operation.
indiVieeai mé&héas are etdmic ébsefpﬁieﬁleﬁéctrometry-(AA),
éréviﬁefrie (éréV) by abeorpéien gf évéivéé CO,, non-
aiSpehsiGe ihfrared absorption éNbIﬁj 3% evolved CO,, with
gn‘bceenégiapﬁy International Coiéoré&ion cdrbon analyzer,
end spectrophotometric (spec.) meééuieﬁént of éxtracted

molybdophosphoric acid (3) complex.
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The rétHod described by Mdréton takés'aaf?ﬁtéég of the

ﬁiéh rélatiVe sehéiti&if?}&ﬁéhhigﬁ concentratisdh of nitrate
in nucléar &aété iiquéi to ﬁse.if‘a; a ééédnéary internal
éténdéfa for éaic%iéti;; tﬁé éoncéntratibﬁ‘of other 6xy—
aniéns. ,ﬁitrate is ﬂeasuééa.iﬁ relétioh Eé the primafy
internai staﬁda;d; pertchlorate, in a diiﬂ%io§, By this
é?&bie*internal standdrd ﬁééﬁ%iqﬁé, the ééncenirétion of
géﬁer;ghiéﬁs are determined oh the heaﬁ s;ﬁple. Inspection
bé.Taﬁié i indicates that this techniqué ﬁay be directly
gb;liea to.dissolutions of sal% caie. Solutions of sludges
;;y_ﬁot contéinléighifiéant nitrate. In ;ﬁch cases,
;téAAafé nitfgéé is aé@ed as a primary internal standard.

n .
: 3

Ebéétrai egéfacteriétiéé. Table II contains the relative
ﬁéi;;’inteﬁsi;iés of ali the anions of interest along with
thé EoﬁparébiéAvaiués Sf,ﬂgfston. Unexpectedly, the inten-
giE§ of the ditrite lineébié éreater in waste ligquor type
matriceg thaﬁ in & watef matrik such as Marston used to
caiibrate. Tﬁe observaﬁioﬁ qf thié bﬁén@henom has been

%eil substantiated by cdﬁpaéing va;iéﬂé géidtions containing
goiar concentratiofis of ﬁaAl(OH)ﬁ; Nadﬁ; NaNO3; and NaNOj
with solutions contaihiné molar cohcentrations of NaNOg3,

NaNO,, and low molar NaOH.
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The relatlve molar 1nten51ty of chromaté has been determlned

to'be-about 5.7, with 5145A ekcitation. ‘The~intensity of 10,

o Coh : RPN <

bbtained by Marston, is due to preresonéhée because the
TR

4880A llne used by Marston is closer to the croh absorptlon
than 1s the 5145A line. Dué to the Unusual Shape of the

Rahan band of the A, stretchihg mode of cHromate
1 . . 1 & PR
the peak 1nten51ty is measured from the max1mum intensity

to the 1nflect10n point-at the top of theé shoulder (Figure 3).
It is measured in ‘this way forf quantltatlve determinations

because the shoulder is not detectable at concentratlons
léss than 0.00lu. In addition, the backgrOund is difficult
to determlne accurately, since the peak i&s so broad. A
llhear callbratlon plot from 0.0003-0.8M CrOg was obtained
ﬁsing‘this{method;

The 1ntense broad chromate peak is a spectral interferant
for both nitrlte and phosphate, as has occurred in Figure 3.
There is no other analytiCai line for phosphate, but for
nitrite the 1330 em~! lirne ﬁé; éé used. However, nitrate
@ith its Qeak band at about lild.cd'l interferes. This
interference is easily Subtracted away‘b§ eans of a cor-
%ection factor. Correction factors are.usEdfand determined
hy the technique of MacNevin, et al. 64)‘ THis nitrate
: .

torrection to the 1330 cm~! line is valid for nitrate/

hitrite concentration ratios less than 100.
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Marston desctibed fhé'éhl%éée 613 cm~! line ‘ad & spectral

interference for aluminate. A correction factor is applied
to remove the interference whén the 985 cmi™ 1

N

§ulfate line

is dreatéf thah twice the alumihété intensity*at 623 cm~1,

Y

The only other spectral interference is BéEwéén_coi and

NO3. Theit analytical 1ihés of nearly equal relative molar

intensitiés are only 20 c¢m~! apart; so that the more intense

line does contribute significaritly to the less intense line.

Usually nitrate is in much higher concentratién (Table I),

and an excellent individual method for carbonate is avail-

dblé. Occasional samples do have higher cbncéntrations of
carbonate than nitrate. 1In such cases, acidification and

Qérmiﬁg of the sample, followed by neutralization is done

to remdVe carbonate pridr to the nitrate determination.

§6mé waste 1i§hoi samples do exhibit other, anomalous spec-
i

trai interfefences: These dre apparently due to colloidal

particles and are easily removéd by filtering.

Advantages to iaéer!Ramén Ahaiygis. The individual methods,
Qﬁibh have beé% employed, typicaily pérférﬁ well on stan-
dards in.a Watér matrix, but wheh éppliéa,%djéomplex samples
of huéléaf wadte materials that vary Wiaély‘iﬁ‘Composition,

[

analytical performance drops; particuiérly in a shift type

operation. Table III shows standard recoveries and precision



for these methods on simple standard soluticns:  Tables IV
and V compare the performance of thé individuai methods

with Fesults obtained by LRS. Precision in all cases is

felative standard deviation of a single dé%éiﬂihatio@uat

thé'95 percent cérifidence level. In nearly allccases,
acéﬁrécy:and pfedision suffers'Wheﬁ‘;hewihdividual method

M

is applied to freal samples or standards simdilating real
Samples.- The two methods to maintain gdod_acéufacy and
ﬁfééisioh.are ¢o§ by the Oceanography'Intefﬁaﬁionél Corpora-

PR . . { . ot - .
ﬁiod carboni analyzer (NDIR), and Poﬁ by speéctrophotometry.

The laser Raman results indicate better acc¢uracy and preci-
sion than the ;ndividhal thethods, with the e€xception again
of éd? (NDIR) and Pog- (spec) methods.

1

Of the aniohs listed in.Tablss IV and V, Al(OH), has the

poorést preciéioﬁ. There dre probably three reasons:

(1) The Baquround is mucH higher at that portion of
the spedtrum.

(2) At concéntrations exceéding<1§ Al, dimerization
of the aluminate (5) occurs, resulting in a
nohlinear calibration (Figure 45;,

(3) Due to the dimerization, sideband®% at 540 and
690 ¢m~! appear, making the aluhindte béckground

. [ ;
determination more difficult and incdonsistent.
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In this WOrk the background for Al(OH)q was determlned by

drawing a stralght line between 450 cm~! ana 760 cm™1, 1t

4y

‘5,7‘~~

may be better to accept an eVen less llnear callbratldn and
draw the background from valley to valley ‘on elther 51de

of the 623\cm 1 band,'regardless of the contrlbutlon ‘of the

two sidebands.

Although no high precxslon results were obtaihed by LRS,
the brec191on obtainable has only a low dependence on analyte

c

concentratlon as indicated by the prec151on presented for
Nbé, Al(OH)q, and POQ in Table V;v Atla_conCentration of
ahdut‘three times the detectioh limits for Nb; and Al (OH),,
the %récieion}is only slightly woree than‘that obtained at
ccncentratione lb—ZO times higher; In géﬂér;i, precision
is not quite as g¢gdod as clainec by Marston for the follow-

ing re&sons:

(1) He measured reproducibility of a single peak

height meastrement as 4.6 percent., Apparently
this is not the complete dnalysis.

(2) His aliquots were iafgér and thusé could be mea-
sured more precisely tHaf the 0.1 Wl used in

this work.
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Because :0f the simultaneou$ andlysis possibilitie§ of LRS
¢ ) ’ : e . EEE o7 ’ ' )

fbr:detérﬁihing oxy-anions; the time reqhiged;fbr.anibh
: : B A Y ;

R

gnaiYSié is much less thah that needed by iﬁdividual methods.

iﬁis is an important advantage. Table VI has tabdlaﬁed N
tHe .anion methods and .the time required. For fiveé anions,
P :

L TR a G . N .
tHe indi¥idual methods require over twice as much time as

ﬁﬁefﬁamah hethod'fbriﬁhe same five anions plus sulfate.

Adtomation, which is under development, will further reduce

the “Raman ahalysis time by about half.,

Knofher.siéhifiéént advantage to LRS determination of anions
in the nuclear.ihdustry, is that personnel exposure to

P .

kFadidtidn is greatly reduted. Sample sizes are small; the

finimum quantity in the‘éépillary is a 2.5 mm column or
ST solno 10 e -
5'uf. The ohly other aliquot per sample is for the ClOy
ailﬁtidn. Saﬁplé breparaéioﬁ ﬁime is only a few minutes

f8r determining up to six anions.

ééfﬁéﬂaté MetHods . Complééé ddth on any carbonate method
are not available because the Qi;;imetric method was dis-
carded dufing thé period éf-ééta éolléétibg in favor of the
hgndiépersive infrared method. Thé Réﬁéh %é£hod for car-

’

bonate, which is described here, is superibr in all ways
to the gravimetric method; but still inferioctr tb the non-
dispersive infrared method (Table V). Cohsequéntly, only ™'~

limited data ate available on it, also.
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Disadvantades to Laser Ramdn- Andlyéis. Thé Raman effedét is

by nature a weak effect. _Tﬁis\éives rise té léw sénsitiv-
‘ ' ‘ . e S e _

itiés in analytical methods badsed on this éffect. ‘ Table Vii

s#o&s déteétion'iihité forAtheﬁénibns of é;;cé;ﬁ in this
work. - This ig the one area Qhefe iRé dces not compare
favorably wiﬁh the individdéi”@ethbdé of aéfefminihg these
anions.; The analytical fange for phosphaté'ié aléo liﬁited

on the high side by thHe solubility of Na3POy in NaOH

solutions.

The low sénsitivity madkes the Ramaﬂ methods susceptible to
strong optical signals such as fluorescence. Occ#sional
huclear waste samples do fiﬁérésde, draétiéélly increaéing
§dhé 5etébtion limits, ‘Figﬁfé 3 shows é:sémpié séectrdm
of a Qas%e liquor. The relatively low sehéitivity and

consequent low peak to background ratio is apparent.

The othet major disadvantage is spectral in nature, that of
accﬁréteiy detérminiﬁg background levels for analytical peaks.
This disaé&an;age is greatest féi soy and POS—, where, if

£ﬁe nitrate and Ehrométe péaﬁs ;ée iﬁéehéé, the background

is Aifficult £o accurately deterhine. %iﬁh automation,

peak stribpiﬁg or peak resolving routines Will resolve this

difficulty.
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The third di¥advantage is tlié chemical requirement that
samples be caustic, i.e., that the acids ber fully neutralized.

Protondtion of anions has aifféfeﬁt effects, depending on

the anion. The fdrmation 6f-W§ék;aéids;.é.§.} HSOL, produces

different éhémiéal species with éﬁ'éntifei§'differen£ Raman
spectrum, e.é., iiish, éé éigg étﬁaied Eﬁe'?é%ect of pH on
the Raman spébtruﬁ of SO?."Céiﬁo%aée a;d‘ﬁbgiénions are
ioét in acid goidtions. This ¢au§€ic.réqdirement is seldom -
; disadvantage in our laboratory becausé'ndéléér waste

.- .

materials are highly caustic to begin with,

Samples are hot turbid as were those experien¢ed by Marston,

but filterihg‘to remove colloidal particles is frequently

': v"( j.é . o ; X . . . .
necessary. This i5 a relatively minor disadvantage.
CONCLUSIONS

the application of LRS to thHe determination of oxy-anions

ih’ caustic niclear waste samples provides a fast, reliable

method that out-performs mbst individual methods. The few
interférentes are mostly spectfal in nature. The major
disadbantage is low sensitivity, resulting in relatively

High detection limits.
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RAMAN SAMPLING EQUIPMENT
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TABLE I. YPES OF NUCLEAR PROCESSING WASTE.

Constituehts Wasteé Liquor salt cCake Sludge

(Molar) (Wt &) (Wt %)
NaOH 3.5 1 0.4
NaNO3 2.3 76 3
NaNoO, 1.6 1.8 2
NaAl (OH)y 1.6 4 20
Na3Co03 0.1 5 5
Ng3BO0y 0.02 2
Na3S0y 0.03 0.4 0.5
Nd,Si03 0.002 0.004 2 (5i03)
NdC1l : 0.08 0.2 .
N4F 0.002 0.001 0.0001
N4d;Croy, 0.04
Complexants?® 0.06
H;0 55% 10 34
ce : ‘ 0.01
U 0.02
Mnoy | 0.7
4 Fé (0OH) 3 , 32
894904y 3 x 10% uci/ze 4 uCi/g 500 uCi/g
13744 5 x 105 pci/e 60 uCi/g 200 uci/g
- 241ap 5 uci/2 0.02 uCi/g 0.02 mqg/g
239+240py ' 3 uci/% 0.4 uCi/g 2 mg/g
i y ’ IO UN S
Complexdants - Mixture of ethylenediaminetetraacetate,

hydroxyethylenediaminetriacetate, and citrate



TABLE II. .RELATIVE MOLAR INTENSITIES OF OXY-ANIONS

Ion Analytiéél Line Relative Molar Intenéitya
. em™ ! Marston This Work
NO3 _ 1050 1.00 1.000
Al (OH)§ 624 0.13 0.134
cloj 935 1.124
co3 1070 ' 0.913
NOj 818 0.055 . 0.0492
NO3 1330 ‘ ‘ 0.125
POL 939 0.16 , 0.182
SO% 985 0.95 » 1.030
cro; 847 10. 5.760
NO3 ' 818 , 0.0551C
NO3Z 1330 0.139°€

a PR C e e . = ibn.'éék ﬁéi ht/ion molarity
t = 10n -pe .helg ¢
Mola; intensities relative to nitrate 1050 N05 peak height/M NO3

®yalué based on full peak intensity

“Intensities measured for NO7 in synthetic waste liquor matrix



TABLE III.' ANALYTICAL ?ER%bRMANCE:OF
INDIVIDUAL METHODS ON. WATER MATRIX. STANDARDS-
ARDA)

Constituent Recovery

Al {ThT) 104+5.6%
Al (AA) 103+17%

COé (qfav)
co3 (MDIR)
NO3 (éiE)
NO3; (SIE)
P03~ (Spec)

SOy,

96.2+5.1%

100.7+2.1%
99.5+5.0%
102+1.3%
100.0+5.3%

No 'method



HE

TABLE IV, COMPARISON OF ANALYTICAL

RESULTS ON SYNTHETIC WASTE:LIQUOR

Constituent
Al (OHJ g

co3

NO3; (818 cm™1l)

NO, (1330 cm-!)

Individual Method

103+25%

106+21% (Grav)

123+16

121+39%

(AA)

(SIE)

(SIE)

Lasér Raman

101.0+11.5%

100.3+6:4%
104.6+9:9%

101.4+7.6%



TABLE V. COMPARISON OF ANALYTICAL RESULTS
ON DISSOLVED SYNTHETIC SALT CAKE. (RECOVERIES)-:

Constituent Individual Method Laser Raﬁan
0.040M A1l 103+25% (AA) 1154152
0.075M COy 101.2+2.4% (NDIR) 92+8.8°
0.033M o3 113+13% (Grav)

0.0018MH crog 86+16% (AA) 106+8.5
3.02M NO3 113+422% (SIE) 109.3+5.6
0.1om NOJ 111+45% (SIE) 117+132
0.042M ébg‘ 168i3.4%'(Spec) © 904127
0.014M SO% No method | 104.846.7

8concentration Vv3X detection limit

bIndiviauaI method involving chemicdl separation of
c03 from NO3
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TABLE VI. TIMES REQUIRED FOR ANALYSIS

Analyte

Method

AR

Th
AR
SIE
s18

Spec

Total, above anions

Abové aniohs

coj3
. 2'_
COB‘

2..

LRS

Grav

NDIR

LRS

Vox
Hours
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TABLE VII. LRS DETECTION LIMITS FOR OXY-ANIONS
(IDEAL CONDITIONS) '

Ai(oa); : 0.02M
co3 0.003M
CrOf 0.0003M
NO3 0.002M
) NO3 0.02M
P0G 0.01M

so3 0.002M



