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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 technique 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.

4



LASEk RAMAN SPECTROM#TRIC DETERMINA*IO .0$

OXY-ANIONS IN NU€DEAR WASTE MATERIALS

INTAODUC*ION

The 6hemical ptocessin4 of irkadiated nuclbar fuels hah

resulted in large quantitie* of nuclear wastus which·occur

in thtee general types:  concentrated aqueous iiquor; water

soluble salt cake, and sludge of insoluble isalts and

hydrouides.  The majok specids, other than water, are sodium

salts af oxy-ahions and the hydroxides of aluminum and iron.

The ahalysis of these nuclear Qaste materials prehents a

difficult task due to the concentrations and complexity of the

samples. Table I shows a likely composition of waste Iamples.

Compositions may vary widely and many other species may be

present in ttace amounts. Thd methods used in the past have

largely been trace methods for speed, dilutioh of the matrix,

and freedom from interference. Examples are specific ion

electrode and spectrophotometric methods.

'l,

Knowledge of anion concentrations is important to monitoring

the integrity bf tha nuclear waste storage, to researdh in

develofing nuclear waste solidification methods, and to cur-

rent processes for processing waste liquors to shlt cake.
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Irish and Chen (1) have described the use·df laser Raman
' /

apectroscopy (LRS) for determihing oxy-anions.  A. L: Marston
-.

(2) of the Energy Research and Development Administtation's

Savahhah River nuclear plant hak applied laset Raman spec-

troscopy to the deterhidation of oxy-anions in the Savannah

River Plant's waste supernath  iquors.                           *

The.work describ6d here includes the ap lichtton bf Marston's

method to Hanford waste liquors, the use of Lks in analyzing

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

EXPERIMENTAL

kpectra are obtained on a Spex Industries Ramalog-5, which

has 1800 groove/mm holbgraphic gratings, photod countihg
1,0systed, and d spectrai band pass of 3 cm-1.  The 5145 A

line of a Cohbtent Radiation CR-5 argon laser is used.

d ecial 'c6pillary pipets, are used (Figure 1) to inject

samples into melting point bapillaries. The capillaries

are sealed.fbr control of radidactivity by folding masking
/

tape ovek thd end.  The capil ary  ipets ate used with a

dyringe as in Figure 1.

i j  :,

Waste Liquors:  Waste liquors ate usuhliy fil€bred through

Aillifore.BDWP-1300 0.6 Um filters.  Marstohdd method is

c applied directly to solutians with the fbliowing changes:
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9.1..61·oflil. Rb:tidii ·And 8.1461462'dampld .6*,6 ailu£6d into
., A0.5-1 ml of iM NAOH in a 2-dratti. vidl, exdapt for samEiles of

1bw nitrate concentration, whdn €he 0.1 ml of Na(104 i6

addad difectly to 1.00 ml of sample. Micrd pipets are
,

rinhdd ih the miied aliquots:

Salt Cakes: The.salt samples ate dissolved in water at

200-300-grams per liter (g/£) concentration Ahd ahalyked

as a waste liquot.

Sludges.  Samples are dissolved in 6g HCl at 1 9/3 mi,

excess 138 NaOH  (1 :ml) added, and the anions determined

on €hU cuntrifugatd.

,,.,   '.   ,Cdlibtation. Atandard solutions were prepared by dissolving

high Dutity.Al wire ih several molar NaOH, adding weights

Of dried N6l02 and NJN63 (as the internal standard).  The

§6lutioh volumes were Aetermined by density and the total
'..   4
Wai4ht.  Calibratidns for the other anions were accomplished

Bg Marston's calibratidn technique: Care had to be exer-

cised during the PO - calibratibh·id stay within the

sblubility of Na3P04·  Spectra hid td 6e taken promptly

after mixing 66lution aliquots of KHZP04, NaOH, and NaN03

"           to avoid predipitation of Na3P04o12H20·
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Carbonate Dbtdr&ihatipD.  The-bhrbonate-Aitrate separation

is accomplished'with the still shown in Fi4ure 2.  The still
i

€

contains 10 percent  3P04; the separatory funnel, carbonate-

free IM NaOH.  After purging the still with nitrogen, NaOH
4

solution is admitted ·to the trap to a depth df 9-10 ch.
-

Nitro4en is then adjusted to h flbw which is just short of      ·

Bushing the NaOH catch solution into the bulb at the top of

the trap.  sample aliqubth ard introduced throdgh the septum

with a 2.5 ml Hamilton micro-syringe.  Quadtitative distil-

lation is obtained within 10 minutes. tho cAtch solution

is theh dtained into a 2-dram vial, 0.25 ml of lM Na(104

added; and the ratio, IC03(1070 cm-1), measured with the
I   -(935 cm-1)
C104

Raman 6 ectrbIheter: Mtiltiple sample aliquoti may be added
:

until the Atill is either full or the acid is exhausted.

Caiibratioh'hly be performed with distilled and/or undis-

tilled standard aliquots.

indiVidual.M6th&&s. Data on individual methods was largely

producea by technicians in a rotatin# shift operation.

Individual mhthdds are atomic absorptibn spectrometry. (AA),

brdvimetric (dr4v) by absorption of evolvd  (02' non-

dispansive infrared  absorption (NbIR) 62 evolved (02, with

hn Oceanography International Corporation carbon analyzer,

and spectrophotometric (spec.) medsurement of 6*tracted

hoiybdophosphoric acid (3) complex.
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"
the method dedcribed by Mdistbh thk6s advah,ta,ge of the

High relative sehhiti*ity and, high concenttati6h df nitrate
:

in nucidar waste liquot td Use it ab a secondary intetnal

Wtandard for calculating tha concentration of dthar oxy-

anions.  # trate is deasured in relation €o the primary

internel stahdard, perchlorate, in & dilution.  By this

dodble-internal standdLd technique, the concentration of

bther dhidds are determined oh th6 neat sample.  Inspection

of Tabla i·indicates that this technique Aay be directly

a plied to 8issolutions of salt cake.  Solutions of sludges
,*

may not contain significant nitrate. In such cases,

staddat& nitrate is added as a primary internal standard.
„              9

Abdctral Chdtacteridtic@.  Table II contains the relative

A6ldr inte sities of all the anions of interest along with

thd Bohparabld.values Bf 4Arston.  Unexpectedly, the inten-

hity of the Hitrite lines ih greater in waste liquor type

datrices than in i watet 6dtrik hubh as Marston used to
:

calibrate.  The observation of this phenobenom has been

4eil substantiated by comparing varidug &6idtions containing

holar concentrations of NaA1(OH)4, NadHi NaNO31 and NaN02

Qith solutiohs containind molar boncentrations of NaN03,

NaN02, and low molar NaOH.

.,
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The relative molar intensity of chromatd·has Shan determined

to be-about 5.7; with 5145A extitation.  The·intebsit9 of 10,
..

bbtained by Marston, is due to preresondhde because the

F ' 1 ·• 9 1 , .488OA line.used by Marsion is closer to the Ct04 absorption
0                '..

£Han: is the 5145A line.  Due to tha undsual shape of the
I: '      „                    ·
1

1,      1
Rahan bdnd.ok the Al stretchihg mbde of cHromate,                0

the peak intensity is measuked from. the maximum intensity

to the 'inflectioh point at th6 top of the shoulder (Figure 3) .

i€ is maddured in this way fot quahtitative determinations
f.        .,

bacause.the shouidar is not detectable at concentrations
t.

16Ess than b.ooltl· In addition, the back4tound is difficult

to detetmihe accurately, since the peak is so broad.  A

..'.lihear cdlibration plot from 0.0003-0.8M Cr04 was obtained

usin  thid method:

The ibtanse Hrohd chrb8ate phak is a spectral interferant

for 6bth nitrita and  hosphate, as has occurred in Figure 3.
t

Ther6 is no other analytical line for phosphate, but for

nitrite the 1330 cm-1 line may Be used.  However, nitrate

with itd Whak band at about 1410.c*-1  interferes.  This

interference is easily dubtracidd away by Means of a cor-

tection factor. Correction factors are daed. and determined

by the technique of MacNevin, et a . (4). This nitrate

borrectioh to the 1330 cm-1 lihe 16 valid for nitrate/

hitrite concentration ratios less thad 100.

C
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Marston described €he §6lfate 613 bm-1 lind'di a spect9al

interfetence for aluminate. A cortection factor is applied

to remove the inteiference when the 985·cmil iulfate line

is greater thah twice the aluminate inten6ity'-at 623 cm-1.

The only other spectral interference is betwedn (03 and

NO3' thoit analytical lihds of nearly equal telative molar
.!

-1intensities are only 20 cm apart; so that the more ihtense

line does contribute significantly to the-les5 intense line.

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

add an excallent individual method for carbonate is avail-

a151 5. Occasional samples do have higher cbncentrations of

carbonate than nitkate. In such cases, acidification and

wdrAing of the s6mple, followed by neutralization is done

to remoVe carbonhte prior to the nitrate determihation.

Somd wastd liquot samples 86 exhibit other, anomalous spec-

ttai interfetencas:  Thesa dre apparently due to colloidal

particles and are easily removhd by filtering.

.

Advantages to Laser'Raman Ahalysis.  The individual methods,

whith have beah employed, typically patfor8 well on stan-

dards in a water matrix, but wheh applied,to complex samples

of nuclear waite materials that vdry widely.in composition,

analytical performance drops; particularly id a shift type

operation. Table III shows standard recoverids and precision

C

I.
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for these methods bn. simple standard solutidnd.  .TAbles IV

and V compare the performance of the individudi mdthods

'    with tebults bbtained by LRS.  Drecision in all casei is

A.    .    ...   i.         .   ,

*616tivb standard deviation of a single datdr8ihation at

the 95 percent cBrifide,nce level. In nearly allrcases,
, ·: .1

adcuracy·and precision suffers'wheh the·individual method        .
I     :                                                   I                                                             .   ..

is applied to teal samples or standards si#dldting real

Bam les.  The tWo methods to maintain good accuracy and

precisioh are CO6 by the Oceanography Inteknational Corpora-

tiod carbod analyzer (NDIR), and PO - by spectrophotometry.

the laser Rhman results indicate better accuracy and preci-

siod than the individual methods, with the exception again

df CO3 (NDIR) dnd PO - (spec) methods.

Of the aniohd,iitted in:Tablas IV and V, Al(OH)4 has the

pootast precidion. There are Drobably three reasons:

(1)  The backgtound is mucH higher at that portion of

the speBtrum.

(2) At cdhcentratiohs exceeding lM Al, dimerization

of the iluminate (5) occurs, resulting in a

nohlinear calibration (Figure 4).

(3)  Due to the dimerization, bideband* a€ 540 and

690 c#-1 appear, making the aiubinite background
t

determination more difficult and fnconsistent.

C
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In this wotk, t e background for Al{OH)4 Was determined by

. . : . . .drawing a straight line between 450 cm-1 *rid 760 em-*.  It
may be Bettdr to Accept ad 596n les6 linddr calibfatidn and   '

draw thd backgrdund from valley to valley on eithdr side

of the 623. cm-1 band,· regirdleds bf the contribution of the

two sidebands.

Although no high precision results were obtained by LRS,
;1  1 I.
khe  recibion obtainable hab·only a low dependence on analyte

.1 ·  I.

toncentitation as indicated by the precision presented for

Abi, Al(OH)4, and PO - in Table V.  At a concentratiod of

about throe times the detection limits fof NO2 and Al(OH)4,

£he pketision,is only slightly wotse than,that obtained at

concentrations 10-20 times higher:  In general, precision

is not quite as ddod as claimed by Marston for the follow-

ing reasons:

(lj  He measured reproducibility of a single peak

height measurement as 4.6 percent. Apparently

this is not the co6plete dnalysis.

(2)  His aliquots were lar46r and thus could be mda-

sured more precisely Ehah the O.i 61 used in

this work.

<



: 10
. :·, ·r       '

. '.,r • I

Bucause.Of the simultaneoui andlysis possibilitied of LRS
t

fdr.determining oxy-anioni, the time required,for.anion :

dnalysib is much less thah that needed by individual methods.

*Mis is an important advantage.  Table VI has tabulated

t e.anion methods and.the time required.  For five anions,
r

tMe iAdi*i8ual methods require over twice As much time as        •

Ehe Ramah Method fbr Ehe same five anions  luh sulfate.

AdtodatioH, which ia under development, will further reduce

the'·Raman ahalysis time by about half.

Another. sidhificAnt advantage to LRS determination of anions

id the nucldar:ihdustry, is that personnel exposure to

96didtion is dreatly reduded.  Sample sizes are small; the
,. ,            !.

6inimUm quantity in the dd illary is a 2.5 mm column or

5  Vt.  The ohly bther aliduot per sample is for the (104

hilotion.  Sa6 ld  reparation time is only a few minutes

*dr determining up to six anions.

dArbodate Methods. Comple€e dath on any carbonate method

are not available because the dravimetric method was dis-
' ' .

carded duting ihd period 6f.data colldction in favor af the

hondidpersive infrared method.  The Raman Mdthod for  car-

bbndte; which is described here, is superibr in all ways

te the,gravimetric method; but still inferiat tb the non-

dispersive infrared method (Table V). Consequently, only

limited data are available on it, also.

-
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,         I                        i.    *.Disadvantades' to Laser Raman· Andly&id. Thd Raman effe6t is

by nature a weak effect.  This,4ives rise to low sensitiv-

ities in analytical mdthodd baded on this dffect.
' Table Vii

shows detedtion limits for the·anibns of edncdrn in this

Work.  This is the one area where LRS does not compare

favorably with the individdal«methodd of determinihg these       *

anions.  The analytical range for phosphate la also limited

on the high side by tHe solubility of Na3404 ih NaOH

solutions.

The low s8nsitivity makes the Raman methods susceptible to

strong optical signals such as fluorescence. occasional

huciear waste samples do fluoreste, draitically increasing

some detdction limits: Figure 3 shows d shmple spectrum

of a was€e liquor. The relatively low sensitivity and

consequeht low peak to background ratio is apparent.

The other major·disadvantage is spectral in nature, that of

accurately dethrmining background levels for analytical peaks.
3-This disadvantage is greatest fok 504 and p04 , where, if

the nitrate and chromate peaks ate in€ehse, the background

is difficult to accurately deterMihe.  With auto#ation,

peak stripping or peak resolving routines will resolve this

difficulty.

r                                                                                                                                                                                                                                                                             »
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Thd third diIadvAntage is the chedical te4Uirdment that

samples be caustid, i.e., thht the acids berfully neutralized.

$rotdndtion of anions has diffdrent effdcts, depending on

the anion.  The fdrmation of weak.,acids,.d.4., HS04, produces

diffekent chemical species with an entirely different Raman

spectrum, e.9., irish, et aii; studied the bffect of pH on      •

the Raman spabtrum of S04•  Cakbohate and·N02 anions are

lost in acid dolutions. This tauitic requirement is seldom

a disadvantage in our laboratoty Because nuclear waste

materials are highly caustic to begin with.

Sambles are hot turbid as were those.experienced by Marston,

but filtering to remove colloidal particles isfrequently
d .

necessary. This ib a relatively minor disadvantage.

CONCLUSIONS

*he application of LRS to €He determination of oxy-anions
1

ih caustic huclear wadte samples provides a fast, reliable

method that out-performs mbst indifidual methods.  The few

interfdrentes are mostly specttal in nature. The major

disadVantage is low sensitivity, re#ulting in relatively

High detection limits.
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FIGURE 3.. ° SPECTRUM" OE WASETELIQUOR WITHLel:06 eFEUT GN  e-:, 1

1.1-

CrOi

Al(OH)i

NOW                   '.   
  1 4.  NO.

11' .
I .:

.   ...
1.. ..,

NO-3

N 03   1
1   SO;

               I   .:1     2:1-                       x1       "

NOi- C10        <
1  i,  1» /1r   -:           ;            A

-                                                          X1 J  \ f:,   ..

......1..   ...

*3:      f.:.E......' .:  I                                      ..« 33

x1.       -     i.

\ 43   JC
...-:

X10
1 1    //                 1                 1         1,        . . .

1050 935 1050 850 650

CM-1



FIGURE 4. CALIBRATION OF Al(OH)-4
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TABLE I.  ·TYPES OF NUCLEAR PROCESSING WASTE·

'

SludgeConstituents Wastd Liquor Salt Cake
(Molar) (Wt %5 (Wt %)

NaOH 3.5             1         0.4
NaN03 2.3 76         3
 aN02 1.6 1.8       2
Na41(OH)4 1.6             4        20
 a6C03 0.1             5          5
Ndip04 0.02            2
Na2S04 0.03            0.4       0.5
Nid isiO 3 0.002 0.004     2     (Si02)
Na Cl 0.08 0.2 .
NdF, 0.002 0.001 0.0001
Na2Cr04 0.04
Codplexantsa 0.06
H20 55% 10 34
ed                                           0.01
U

V 0.02
M 02 0.7
Fd(OH)3 32

89+90Sr 3 x 104 Uci/£    4    Mqi/9 500 Uci/g
13766 5 x 105 uci/£ 60 UCi/g 200 UC i/g241'Am 5 uci/£ 0.02 MCi/g 0.02 mg/g239+240 PU 3 Uci/£ 0.4  UCi/9    2     mg/g

a
Co0plexants - Mixture of dthylenediaminetetraacetate,
hydroxyethylenediaminetriacetate, and citrate



TABLE II.  RELATIVE MOLAR INTENSITIES OF OXY-ANIONS

a
Ion Analytical Line Relative Moldr Intensity

-1 This W6rkcm Marston

NO 3 1050 i.00 1.000
.,

Al(OH)4 624 0.13 0.134

(104 935 1.124

C03 1070 0.913

N02 818 0.055 0.0492

N02 1330 0.125

P04 939 0.16 0.182

SO4 985 0.95 1.030

Cr04 647 10. 5.76b

N02 818 O.0551(

Noi 1330 0.139c

 Molat intensities relative to nitrate = Ipn·peak.height/ion molarity
1050 NO3 peak height/M N03

b
Value based on full pdak intensity

 Intensities measured for NO1 in synthetic waste liquor matrix
.,

-



TABLE III.' ANALYTICAL PERFORMANCE-OF
INDIVIDUAL METHODS ON;·WATER MATRIX STANDARDS-:-

Constituent Recovery

Al (Th T) . 104+5.6%

Al (AA) 102+17%

C03 (Grav) 96.2+5:i%

C03 (NDIR) 100.7+2.1%

NO 3 (SiE) 99.5+5.0%

NO2 (SIE) 102+1.3%

P02- (Speci 100.0+5.3%

S04                   No'method

.,
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TABLE IV:  COMPARISON OF ANALYTICAL
RESULTS ON SYNTHETIC WASTE'LIQUOR

Constituent Individual Method Lasur Raman

1.0  Al(OH) 4 103+25% (AA) 101.0*11.5%
- -

0.4M C03 106+21% (Grav)
i

2.8M NO 3 123+16 (SIE) 100.316.4%

1.OM NOi (818 cm-1) 121+39% (SIE) 104.619:9%

NO2 (1330 cm-1) 101.4+7.6%

.,

..
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TABLE V.  COMPARISON OF ANALYTICAL RESULTS
ON bISSOLVED SYNTHETIC SALT CAKE (RECOVERIES)-'

8
-

Constituent Individual Method Laser Raman

0.04OM Al' 103+25% (AA) 115415a

8.O75M CO3 101.212.4% (NDIR) 9218.8
b

0.0 12M . C 0 3 113+13% (Grav)

0.0018M Cr04 86116% (AA) 106+8.5

3.0284 NOS 113+22% (SIE) 169.3+5.6
- -

O.iOM NOE.1 111+45% (SIE) 117+13a

3-                                    a0.042M P04 10843.4% (Spec) 90+12

0.014M S64 No method 104.8+6.7

a
Concentration a3X detection liinit

b, ·Individual method involving chemicil separation of
COS from NO3

J

-
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TABLE VI.  TIMES REQUIRED FOR ANALYSIS

Analyte Method Hours

Al              AA              0.5

Al(OH)4 Tht 0.33

t.  =
Cr04 AA 0.5

NO3 SIE 0.5

ub2 SIE 1.0
.

-13-
P04 Spec 1.0

S04 --

Totil, above anions 3.3L3.5

Abovd aniohs LRS 1.5

2-
C03 Grav 2.0

CO - NDIR O.5

CO - LRS 1.0

I

1

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

Al(OH)4 0.02M

CO 3 0.003M

Crot 0.0003M

NOS 0.002M

NOE 0.02M

3- 0.01MP04

SO4 0.002M

.t

*

--


