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ABSTRACT 

An investigation was conducted to evalJate sevetal analytical techniques 

to measure ferrous/ferric ratios in simulated and radioactive nuclear waste 

9lasses for eventual redox control of the vitrification process. Redox control 

·.vill minimize the melt foaming that occurs under 1ighly oxidizing conditions 

and the metal precipitation that occurs under highly reducing conditions. T1e 

Jna1ytica1 method selected must have a rapid response for production prob1ems 

•vith minimal complexity and analyst invo1vemen~. The wet-cr~emistry, Mosst~auer 

~pectroscopy, glass color analysis, and ion chromatography techniques were 

exp 1 ored, with particular emphds is being placed on the Mossbauer technique. 

In general, all of these methods can be used for nonradioactive samples. The 

;t.ossbauer method can readily analyze glasses containi"lg urani•Jrn and thoriurr. 

A shielded container was designed and built to analyze fully radioactive 
.. 

Jlasses with the Mossbauer spectrometer in a hot cell environmenta However, 
~nalyses conaucted with radioactive waste glasses co1taining 90sr and 137cs 
''fere uns11ccessful, presumably due to background radiation problems caused oy 
the samples. The color of glass powder can be used to analyze the ferrous/ 

ferric ntio for low chromium glas::;es~ but tnis !llethod may not be as precise as 

the othe"'S. Ion chroMatography was only tested on nonradioactive glasses, but 

this technique appears to have the required precision due to its analysis of 
Joth Fe+:?: and Fe+3 and its anticipated adaptability for radioactivity samples. 

~his development would be si~ilar to procedures already i1 use for shielded 

inductively coupled plasma emission (ICP) spectrometry. Development of the ion 

:hromatography method is therefore recommended; conventional wet-chemistry is 
recomended as a bac,(:.Jp procedure. 
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EXECUTIVE SUMMARY 

An 'investigation was conducted to evaluate several analytical techniq\Jes 

that measure ferro~s/ferric ratios in simulated and tadioactive nuc'lear waste 

qlasses '"'or event~al redox control of the vitrification process~ Redox control 

~tll minimize the ~elt foaming that occurs under highly oxidizing conditions 

4nd the metal precipitation that occurs under hfghly reducing conditions. The 

analytical method selected must have a rapld response for production problems 

wit, minimal analytical complexity and analyst involvement. The wet-chenistry, 

t.1ossb.:IUer spectroscopy~ glass col or analysis, and ion chromatography technlques 

were explored, with part i cu 1 ar emphasis being placed on the Mossbauer method. 

A linear correlation was established for ferrous/ferric ratios determined 

?y wet ... chemistry and Mossbauer spectroscopy. The wet-chetnistry procedure is a 

:omplexilnetric. colorimetric method that is specific for iron and can be con-

1ucted without the need for a~ tnert atmosphere duri'1g sample digestion .. Area 

ratios froM nonlinear regression analysis of the Mossbauer spectra are gener

:llly used directly to determine the ferrous/ferric ratio. The results of this 

study show that this common assumption will overestimate the ferrous/ferric 

,.,atio by 50%. T'1is cor~"elation co'1tai'1s a Vdriety of simple and complex 

~lasses~ some of whtch contai'1 only iron as the multivalent species. Thi5 SJg

~ests thdt the wet-chemistry procedure is not biased by the presence of the 

var1ous multivalent ions that are present during sample digestion and suggests 

that the bias lies wit~ tne Mossbauer method. Anotner common assumption i~ 

fitting Mossbauer spectra is the constancy of the peak line shape~ which is 

usually fixed at 100% Lorentz:ian. The results of this study show that this 
assumpt1Jn is generally not valid for silicate and borosili~ate glasses. 
Goodness~of-fit was minimized with 20% to 40% Gaussidn cGntribution in the line 
shape~ wlth an increasing Gaussian component at lower ferrous/ferric ratios. 

Variatio:-~s in line shaoe did '10t affect the resulting 7errous/ferric ratios for 

the more reduced samples (ferrous/ferric ~"atios near 1.0). whereas a considera

ble dependence was observed for more oxidized samples. The linear calibration 

wit~ wet .. chemistry was only achieved using the area ratios after optimizing the 

line sha,Je to minimize the goodness-of-fit parameter for eac1 i1ossbauer spec

trl.lm* A procedure was also proposed to rapid1y measure the ferrous/ferric 
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'""atios using raw intensity data at only three velocity locations witho~t the 

need of spectral fitting. The Mossbauer nethod readily analyzed waste glasses 

conta~ning uranium and thorium. However, testing of fully radioactlve samples 

containing 90sr and 137cs in a specially aesigned, shielded container was ~ot 
successful, apparently due to a high radiation background from these 

radionud ides~ 

The color of glass powder changes from light to dark brown as the ferrous/ 

ferric ratio increases in simulated waste glass. Reflectance spectra of packed 

powder was t~erefore used in an attenpt to quantify these differe~ces. The 

reflectance data were then used to calcJ1ate tne chromaticity or color coordi

~ate values using standard procedures. These values were used to calculate a 

parameter referred to as spectral purity, which was found to correlate with tne 

ferrous/ferric ratio measured tn the glass by wet-chemistry~ Although repro

ducibility could be improved with better sample preparation procedures, this 

method is complicated Dy potential variatiD'iS in the chromium content of the 

sample. The strong trend defined at 0.2 wt% Cr2o3 is almost complete;y obscJred 

at values near 0675 wt% Cr2o3• Therefore, different calibratlons are required 

for differing amou'ltS of chromi.Jm in the glass. Nevertheless, this r1ethod :nay 

be useful as a screening tool for nomina:ly low chromium glasses to determine 

if further ferrous/ferric analyses are required with one of the other ;nethods~ 

A study was conducted to detertnine t~e feasibility of Jsing ion chromatoy

raphy for the analysis of the ferrous/ferric ratio in waste glasses. This 

technique is attractive due to its reported se~sitivity for direct analysis of 

both ferrous and ferric ions in solution and its similarity to inductively 

coupled plasma emission spectrometry, which has already been used for fJlly 

radioactive samples. ~he results show that the ferrous content can be cor

rectly determined with this method~ Addltiona1 testing time was 'lot available 

to determine if a siFlple dilJtion :Jf the digestion solution could be used to 

itrlalyze the ferric :::ontent! Si'lce the method has greater sensitivity for the 

ferric ion. 

T~e results of this study suggest that additional work should focus on 

aevelopment of the ion chromatography 1nethod. This method is perceived :o be 

:>reci se, rapid, and read i1 y adaptab 1 e for use with radioactive samp 1 es. The 

~onventiona\ wet-chemistry technique is recommended as a backup procedure. 

viii 
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INTRODUCTION 

The ferrous/ferric ratio in nuclear waste glass is a viable redox indi

::dtor that can be used for redox process control.. Conditions that are too oxi

jizing nay lead to melt foaming and process downtime~ Conditions that are too 

reducing may 1ead to tne formation of conductive phases that can settle and 
potentially cause an electrical short between the submersed e1ectrodes5 These 

:(mstraints point to the need for process control at a moderate state of reduc

:ion and, hence, an efficient means to analyze the ferrous/ferric ratia6 The 

t~chnique ~ust be reasonably rapid to support process decisions and easy to 

)erform to minimize manpower costs. In addition. the method must be adapta~le 

fJr the radioactive glasses that wtll be used in a full~sca1e operation. 

~he purpose of this report is to summarize the work conducted by Pacific 

Northwest Laboratory (PNl)(a} in FY 1985 to assess several analytical methods 

FJr the neasurernent of the ferrous/ferric ratio. These methods include 

Mossbauer syectroscopy, wet-chemistry} color analysis~ and ion chromatography. 

I:;: is possible that several methods could be used in conju:v::tion. depe'lding on 

the circ~mstances. Thus, tne intent of th1s report is to provide a basis for 
selecti~g a method that can be used when sufficient experie1ce with ~he process 
is gained so that the analytical requirements are precisely known. The goal is 
:a minimize tne analytical compiexity and the analysis tiMe required to conduc~ 

t1ese measurements to better suppQrt the vitrification process~ 

{a) Operated fot the U.S. Depart;nent of Energy (DOE) by Battelle t·1emoria:1 
lns:itute under Contract DE-AC06-76RLO 1830. 
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MOSSBAUER SPECTROSCOPY AND WET·CHEMISTRY 

High-level nuclear waste in the United States will be incorporatea into a 

chemically durable glass matrix, sealed in a steel container, and disposed of 

in a designated federal repository. The glass~forming chemicals and waste 

naterial will Oe combined 1nto a liquid slurry and melted into a borosilicate 
q1ass in an electric melter. The entire vitrification process will be operated 

remotely. Therefore, few melting problems can be tolerated. 

Tne control of the oxidation state of the molten glass in the melter is of 

paramount importance in optimizing the melting process. Highly oxidizing con

ditions tend to induce gas solubility reactions that lead to the formation of a 

stable layer of glass foam on the melt surface (3oldman, Brite~ and Richey 

1985). This foam layer interferes with heat transfer and impairs processing 

rates. Highly reducing conditions may cause the formation of conductive phases 

1n the melt (Schreiber et a1. lg83). These phases can settle to the melter 

Floor. f1rm a conductive layer between the submersect electrodes, and cause an 

~lectricd1 short. Thereforet a range of oxidation states must be deflned to 

'Tlinimize the occurrence of these melting problems, and a means to accurately 

neasure the oxidation state of the glass must be developr.d. 

The possibility of using 57Fe Mossbauer spectroscopy to measure the 

ferrous/ferric ratio in these glasses to monitor the glass oxidation state has 
been investigated. The common usage of a completely Lorentzian line shape it1 

the fitting procedure and the assumption that the area ratios equal the concen
tration ratios (for example, Mysen and Virgo 1978) were tested. The alkali~ 

iron-borosilicate glasses presently considered for nuclear waste disposal con
tain betwee~ 5 wt% and 10 wt% Fe, making th~ readily anenable for analysis by 
the MosslJauer technique. In dddition~ Goldman (1983), Schreiber et al. (1984)~ 

and Go1dmMI and Brite (1985} demonstrated that the ferrous/ferric ratio can be 
used as 3. quantitative ir~dicator of the glass oxidatio1 state in borosilicate 

glass. Goldman and Brite (1985) demonstrated this possibility even for a 
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compos1tional1y complex simulated nuclear waste glass(a} containing several 

other ~ultiva1ent spectes that interact with the iron redox coup1e9 

The first oojective of this study was to compare ferrous/ferric ratios 

determined by wet-chemistry and Mossbauer spectroscopy for the same samples. 

Potential errors with the wet-chemistry met~od were evaluated, inc1udi~g the 

effect of the surrounding atnosphere during sample digestion and the effect 

that the presence of other multivalent species may have on the results~ Poten-.. 
tial errors associated with the Mossbauer method were also examined, including 

the assuMption of a particular line shape in t~e spectral fitting procedure and 

the assump~ion that the fitted area ratio represe.,ts the concentration ratio~ 

The second objective was to evaluate if ferrous/ferric ratios can be determined 

more rapidly using measured~intensity ~ossbauer data~ If successful, this pro~ 

cedure would also eliminate the need for spectral fitting, which is consistent 

with a longer-range goal of tnis work to provide a rapid, simple analytical 

procedure to better support the vitrification process in the plant environment. 

EXPERIMENTAL I~ETHODS 

Wet-Chemistry 

A compleximetric, colorimetric procedure developed for the giass i~dustry 

by Jooes, Janshesti ~ and Goldman (1981) was used to determine the ferrous/ 

ferric ratios. This method has several advantages. first~ the use of phenan

throlene makes it specific for iron unlike the earlier titrimetric methods (for 

exa1rr~le, Close and T-illman 1969) that remai.o prevalent in tne glass industry 

today. Second, only one acid digestion is required. The ferrous iron ini~ 

tially released forms an orange-colored complex with 1,10-phenanthrolene for 

direct measurement of the ferrous iron concentration. The total iton co:1cen~ 

tration is then measured by reducing the remaining ferric iron in solution with 

(a) Simulated nuclear waste glasses are currently being developed for defense 
wastes at Savannah River, South Carolina, and Hanford, Washington, and for 
the commercial waste at West Valley, New York. Although the final compo
sition of these glasses has yet to be decided, they can be described as 
contai~ing 40 to 55 wt% Si02, 7 to 15 wt% B203, 7 to 12 wt% Fez03, 10 to 
17 wt% M20 (M=Na+Li+K)~ 0 to 10 wt~ Al203. The remainder cons1sts 
primarily of the waste fraction. 



hydroqui~one. The ferric iron content of the glass is then determined by the 

difference ·L'l these measured quarrti ties~ Third, the method can oe conducted 

without the need for an inert atmosphere during sample digestion. A sample was 

digested in air and in ultrahigh purity argon. The results did not i~dicate 

that t1e surroundi'lg atmospryere had any effect at a confidence level of ~9% 

(Table 1}. Fourth, the procedure is rapid and easy to perforn with excellent 

reproducibility~ The average error on d ferrous-to-total iron (FTI) ratio fs 

generally less than 4% for a 20-mg glass sample. The minimum detection limit 

tor ferrous iron using this method is approximately 0*005 wt% Fe. Given that 

most glasses considered here have greater than 5% Fe 3S total iront the minimum 

fer,.ous/ferric ratio that can be meaSIJred is about 0.001,. Thus, sufficient 

analytical sensitivity is available to analyze any sample that could produce a 

detectable ferrous peak in a Mossbauer spectrum. The remaining glass powder 

for each sample was used for the Mossbauer experiments~ 

Noss!J.auer Spectroscopy 

Mossbauer spectroscopy is a nuc1edr resonance technique tnat involves the 

recoilless emission and absorption of 14.4~keV gamma radiation. Resonance is 

dChieved by imparting 3 Doppler velocity to a radioactive source relative to a 

;ixed sanple. The transmission of the gamma radtation through the glass sample 

iS measured witM a proportional counter. Tne 14.4-keV gamma radiation is 

~;elected using electronic discriminators~ and the data are collected in a mul

:ichanne' analyzer or microcomputer .. Due to nonsy;rn11etric electric fields 

around the iron nuclei in glass samples at room tenperature, the degeneracy of 

the exci:ed ±3/2 nuclear spin state is partially ~emoved, ~fch results in the 

TABlE 1. Ferrous/Ferric Wet-Chemical Ana!ysis of Sample 13 

Air Ar;,tol'! 

1.25 1.27 
1.21 1.28 
1.19 1. 26 
1.21 1.17 

A.verage 1.22 ~ .24 
Standard deviation 0.05 0.03 
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presence of two peaks in the spectra (referred to as a quadrupole-split daub~ 

let). Their velocity separation is referred to as the quadrupole splitting 

(QS). The midpoint between the two peaks is referred to as the isomer shift 

([S), which is standardized to a ~etallic iron absorber. The QS and IS data 

are used to distinguish ferrous from ferric iron and provide information con
cerning the structural coordination of each ion. 

A Ranger Scientific MS-900 Mossbauer spectrometer system(a) was used for 

all transmission measurements. The ~easurements were made at room temperature. 
A source consisting of 60 mCi of 57co diffused into a palladium matrix was 

used. The glass powder was formed into a disk using an acrylic spray to pro

duce an absorber concentration of 10 mg Fe/cm2 to represent an ideally thin 

absorber (Bancroft 1973). T~e spectrometer was operated in the constant 

acceleration mode using a sawtooth wavefJrm to drive the velocfty transducer at 

an increment of about 0.009 mm/s-channeL Moire interferometer data were col~ 

lected in pairs and alternately with spectral data in the 1024 channels of 

mer:~ory for velocity callbration, although a natural iron foil standard was also 
used for this purpose. The spectra generally were collected over a 6- to 20-h 
period. The data were transmitted to a VAX~ll/l80 computer(:>) for fitting and 

plotting. A non1i~ear regression program was written to include additive 

Lorentzian and Gaussian components in the line shape, using the form of the 
equation prese~ted in Dowty and Lindsley (1973). A quadratic expression was 

also added to account for a potential nonlinearity ln tne background. An 
ort'logonality matrix was incorporated (Bancroft et al. 1966) that permits con
straints among the fitting parameters to be imposed. 

A convergence criterion for the goodness-of-fit parameter (x2) of 10-6 was 
generally acnieved in six to eight iterations. for the 409 degrees of freedom 
in most spectra, x2 at the 99% confiaence limit was about 480. ~1os.t spectra 

were fitted to one ferrous and one ferric quadrupole-split doublet wtth x2 

values near 450 or less indicating an acceptable fit. The :ompone~ts of the 

ferrous doublet were constrained to have the same i1tensity and width. Similar 

constraints were made for the ferrlc peaks. Due to the asymmet~y rep~rtec for 

(a) Ranger Scientific. Inc., Fort Worth, Texas. 
(b) Digital Equipment Corporation~ i~aynard, Massachusetts. 
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l'>ighly reduced samples, in which the low-velocity ferrous resonance develops 

9reater intensi~y than the broader nigh-velocity resonance, many stjdies fitted 

-lore thar; one ferrous doublet to the spectrum (for example, Mysen, Virgo, and 

~.etfert 1984). Howevert subordinate ferrous peaks were not fitted in more oxi

clzed samples in those studies due to their low intensities relative to the 

background. 

The samples considered in this study generally fa1l in this oxidized range 

due to oxidation state constraints imposed by the vitrification system~ Never

tPeless, the impact of fitting additional ferrous peaks on the resulting FTI 

ratio were examined~ Altering the lin~ shape by Gaussian addition was found to 

be important i"' statistically optimizing the fit of each spectru:n and the .. 
resulting correlation with wet-chemistry data. The Mossbauer and wet-chemistry 

data are summarized in fable 2. 

.. 
TABLE 2. Surm1ary of Mossbauer and Wet-Chemistry Data 

Comeosition(a) 
Ferrous/Totcll I ron Line Shape, 

Sam~le Moss bauer Wet-Chem1strv % lorentzian 

I Hanford( b) 0.14 0.11 95 

2 Hanford o.oo o.oo 90 

3 Savannah River 0.21 (<0.01) 0.15 (<0.01) 69 (3)(C) 

4 Savannah River 0.47 (0.01) 0.39 (0.01) 70 ( 1 ) 

5 Savannah River J.l4 (0.01) 0.45 66 (7} 

6 West Valley o.oo o.oo 70 

7 West Valley 0.00 o.oo 75 

8 West Valley 0.25 0.19 63 

9 West V•lley 0 .. 3.4 0.31 64 

10 West Valley 0.45 0.39 61 
II West Valley 0.60 0.53 68 

12 18Na20-IDFe2o3-72Si02 0.27 0.24 63 

13 l8Na 20-IOFe2o3-72Si02 0.59 a. ss (0.04)(d) 6C 

(a) Savannah River~ Hanford, and West Valley designations are simulated 
alkali~iron-borosilicate glasses. 

(b) This Hanford glass contains iron as the orly multivalent ion. 
(c) Num::>ers in parentheses are standard deviations. 
(d) Combined data from Table 1. 
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The res<J!ts from the Mossbauer spectroscopy and wet-chemistry l'lvestiga

tions are presented in this section • 
.. 
~ossbauer Spectra 

Three fitted transmission Mossbauer spectra are presented in Figure 1 to 

illustrate the effect of an increasing proportion of ferrous iron in these 

borosilicate glasses. The bottom spectrum represents an early oxidized Hanford 

composition collected from tne PNl pilot-scale ceramic ~elter {PSCM). lt con

tains only one quadrupole-split doublet due to ferric iron, consistent with its 

wet-chemistry analysis {Table 2, Sample 2), with components naving equal lnten

sltfes that occur near 0 and 1 mm/s. The middle spectrum represents a West 

Valley glass melted from a liquid slurry in the !aboratory. A sufficient 

3mount of reducing compounds was included in the starting materials to produce 

n detectable ferrous iron peak .. :he upper spectrum represents a reduced 

Savannah Rlver conposition also collected from the PSCM. These spectra show 

the appearance of the broader ferrous peaKs near 0.1 and 2 mm/s. The isomer 

shifts~ quadrupole splittings, and half-widths (full-width at half of the maxi

mum intensity) for the borosilicate glasses are 0.32 (±0.02), 0.93 (±O.Q2), and 

0.75 (±0.03) l!l1l/S for tne ferric doublet and 1.03 (±0.03), 1.96 (±0.05), and 

0.96 {±0.11) mm/s for the ferrous douolet, respective1y~ TheS€ data are si~i

lar to those reported for the borosilicate glasses studied ':Jy Taragln and 

~ise~stein (1970}. The lower velocity ferrous and ferric peaks closely over

lap~ leaaing to the increasing asymmetry of the spectral profile witf-1 t~creas

ing ferrous iron content. This change in spectral profile was used to 

determine ferrous/ferric ratios from the measured intensity data, as will be 

discussed in a later section. The isomer shift and half-width of the ferric 

peaks for the silicate glass are smaller by about 0.07 nm/s than for borosili

cate glass. The other parameters are the sarne within error linits. 

U 'le Shape 

The effect of altertng the Hne shape on the spectral analysis :lf the 

reduced Savannah River sanple (FTI = 45%) shown in the upper portion of =ig

ure 1 is presented in Figure 2. The percentage of the Gaussian contribution 
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FIGURE 1. Mossbauer Spectra of Simulated Hanford (Sample 2, bottom), West 
Valley (Sample 8, middle), and Savannah River (Sample 5, top) 
Glasses Prepared at PNL . Ferric peaks (dashed) occur near 0 and 
1 mm/s; and ferrous peaks (dot-dash}, near 0.1 and 2 mm/s. The 
ferrous/total iron ratios from wet-chemistry analyses of these 
samples were 0.00, 0.19, and 0.45, respectively • 
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FIGURE 2. Effect of Varying the Peak Line Shape in the Mossbauer Spectrum 
of Sample 5, Showing a Statistical Optimum at 601 Lorentzian. 
The resulting ferrous/total iron ratio does not strongly depend 
on the line shape used for this relatively reduced sample. Two 
doublets were used in the fit; d.f. is the degrees of freedom. 

included in each peak is plotted on the abscissa , and the resulting FTI ratio 

from the two-doublet fit is referenced to the right vertical axis. The result
ing x2 value from each fit, divided by the degrees of freedom, is referenced to 

the left vertical axis . The 991 confidence limit for the fit would occur at 

1.18 on this axis . The resulting FTI ratio is relatively insensitive to line 

shape over a wide range for this relatively 

nificant improvement in the goodness-of-fit 
Gaussian and is optimized at 60% Lorentzian . 

acceptable at the 991 confidence level. 

reduced sample . There is a sig
as the line shape becomes more 

All of the fits in Figure 2 are 

A similar analysis was performed for a more oxidized (FTI = 151) Savannah 
River sample (Figure 3). Sample 3 was also collected from the PSCM . Again, 
there is a significant improvement in the goodness-of-fit as the line shape 

becomes more Gaussian, which reaches a minimum at 70% Lorentzian and only 

increases slightly thereafter. This line shape is slightly greater than the 

one found for t he more reduced sample described above . The resulting FTI ratio 

for Sample 3 (more oxidized) strongly depends on the line shape and nearly 
doubles from 1001 to 301 Lorentzian. The spectrum of the oxidized Hanford 
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FIGURE 3. Effect of Varying the Peak Line Shape in the t1ossbauer Spectrum 
of Sample 3, Showing a Statistical Optimum at About 70% 
Lorentzian. The resulting ferrous/total iron ratio strongly 
depended on the line shape for this relatively oxidized sample. 

glass in Figure 1 is statistically optimized with a line shape having a 90% 

Lorentzian component. Thus, there appears to be a trend with more reduced 
samples having a greater Gaussian component in their line shape. However, 

there is considerable scatter in this correlation from the data in Table 2. 

Mossbauer/Wet-Chemistry Correlation 

The Mossbauer spectrum for each sample was analyzed as a function of line 

shape, as in Figures 2 and 3. The FTI ratio was obtained from the fit having 
the minimum x2 value and used for correlation with wet-chemistry data (Fig-

ure 4}. Line shapes ranged from 95% Lorentzian for some oxidized samples to 
60% Lorentzian for the most reduced samples. The data are summarized in 

Table 2. The trend of the data was linear with a correlation coefficient of 
0.99. A linear regression of the data with and without constraining the inter
cept to intersect the origin led to the same result within error limits . 

Therefore, the regression was constrained to intercept the origin, which led to 
a slope of 0.83. This result indicates that area ratios obtained from these 

Mossbauer spectra overestimated the FTI ratio by a factor of 1.2 (or the 
ferrous/ferric ratio by 1.5). This linear correlation would not be achieved 

for a fixed line shape among the samples studied (with the worst case being 
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FIGURE 4. Correlation of f.errous/Total Iron Ratios Determined by Wet
Chemistry and Mossbauer Spectroscopy. The .. sl ope of the 
regression line is 0.83, indicating that Mossbauer area 
ratios overestimated the ferrous/total iron ratio in these 
glasses by 1.2. The correlation coefficient is 0.99. 

fully Lorentzian). As shown in Figures 2 and 3, the FTI ratios from the more 

reduced samples were relatively insensitive to line shape and, thus, will not 

affect their location in Figure 4. However, there are significant departures 
from the locations plotted in Figure 4 for the more oxidized samples as their 

line shape changed, as expected from Figure 3. 

An important consideration of the relationship presented in Figure 4 is 
that it includes complex borosilicate waste glasses containing a variety of 
potentially interacting redox species, waste glasses that were prepared to con

tain iron as the only multivalent ion, and simple sodium-iron-silicate glasses. 
Nevertheless, these glasses describe a single linear correlation, suggesting 

that potential interactions between different multivalent species (for example, 
iron, cerium, chromium, and manganese) during sample digestion with the wet
chemistry technique are not significant. It was further demonstrated that the 

effect of an oxidizing atmosphere during sample digestion did not affect the 

resulting FTI ratio (Table 1). Thus, the bias in Figure 4 is concluded to 

result from the use of area ratios from the t~ossbauer method. 
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Additional Ferrous Peaks 

The spectral asymmetry that develops in the Mossbauer spectra of reduced 
glasses causes difficulty in computer fitting. Most workers interpret this 

pattern to result from a continuum of ferrous sites having different distor
tions in the glass structure and recognize that any fitting scheme is at best 

an approximation. For spectra fitted with more than two ferrous peaks, which 

peaks are paired to fo~ a quadrupole-split doublet? Are the various area or 
half-width fitting constraints physically meaningful or simply mathematically 

useful? These uncertainties have led to several approaches. One approach is 

to fit the high-velocity region with two ferrous peaks and the low velocity 
region to one combined ferrous peak, thus leading to a positive relationship 

between IS and QS (Mysen and Virgo 1978; Mysen, Seifert, and Virgo 1980; Mysen, 

~irgo, and Seifert 1984). Others fit two ferrous doublets having nearly the 
same IS but different QS (Boon and Fyfe 1971, 1972). These different fitting 
schemes probably have a greater impact on structural interpretation than on the 

determination of the FTI ratio. t1ysen, Virgo, and Seifert (1984) indicated 
that various fitting methods did not result in a change in the FTI ratio. 

It therefore becomes important to evaluate whether the Gaussian broadening 
encountered in the two-doublet fits in this study contributes to the discrep

ancy with the wet-chemistry data. For this reason, the reduced Savannah River 

glass shown in Figure 1 was reanalyzed by adding a second ferrous doublet . The 
resulting fit is presented in Figure 5. The ferrous half-widths were con

strained to be equal, and the equal area constraint was maintained for each 

doublet. The IS, QS, and half-width values determined for the ferric and 
ferrous doublets are 0.34, 0.92, and 0.76 mm/s; 1.06, 2.12, and 0.72 mm/s; and 
1.13, 1.15, and 0.72 mm/s, respectively. The ferric parameters remain rela
tively unchanged compared with the two-doublet fit. This relationship was 
observed for all samples studied. The low-velocity ferrous peaks did not over
lap in this fit, which is similar to those of Boon and Fyfe (1971, 1972) . 
Including the second ferrous doublet decreased x2 from 397 to 353 for 404 

degrees of freedom. The x2 value reached a minimum at a line shape that was 
65% Lorentzian with little change in the FTI ratio, similar to Figure 2. The 

resulting FTI at 65% Lorentzian of 52.4% was the same, within error, as the 

13 



'f 
0 

)( 

en 

3.08 

§ 3.02 
0 
u 

2.96 

2 3 

Velocity Relative to Fe0 in mm/s 

2 Q) 
u 
c 
tO 
.0 ... 

3 0 
en 
.0 
<( ... 

4 
c 
Q) 
u ... 
Q) 
~ 

5 

6 

7 

4 5 

FIGURE 5. Mossbauer Spectrum of Sample 5 (Figure 1) Fitted with an Additional 
Ferrous Quadrupole-Split Doublet (dotted line}. The resulting 
ferrous/total iron ratio from this fit of 0. 52 is the same , within 
error, as the ratio from the fit in Figure 1 of 0.54. Both area 
ratios are greater than the ratio of 0.45 determined from wet
chemistry . 

value obtained from the two-doublet fit of 53.6% (Table 2}. Similar results 

were obtained for the reduced sodium-iron-silicate glass (FTI = 67%}, except 
that the peaks were narrower (0.68 to 0.70 mm/s} and the QS of the ferric 

doublet was smaller (0.86 mm/s} than for the borosilicate glasses. Therefore, 
it is concluded that the two-doublet fits used for the correlation presented in .. 
Figure 4 did not induce the bias in the Mossbauer data. 

Correlation with Measured Intensity Data 

The change in the spectral profile with an increasing proportion of fer
rous iron can be used to determine the ferrous/ferric ratio from the measured 

intensity data. The measured intensities were extracted from the same channels 
in each computer data file. The background intensity was obtained from a 

channel near -3 mm/s. Intensities near 0, 0.8, and 2.1 mm/s were extracted to 
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represent the combined ferrous and ferric peak, the ferric peak, and the fer
rous peak, respectively. The peak intensities were subtracted from the back

ground intensity . Various intensity ratios were then determined and plotted 
(Figure 6). The r1;r0 ratio represents the intensity ratio of the peaks near 1 

and 0 mm/s, which should approach unity as the ferrous/ferric ratio decreases 

to zero. The trend of these data is linear and extrapolates to nearly unity at 

a ferrous/ferric ratio of zero. The two samples having the lowest ferrous/ 
ferric ratios did not appear to fall in the linear trend defined by the other 

samples and were excluded from the regression line plotted in Figure 6. The 
r2;Il ratio represents the intensity ratio of the high-velocity ferrous and 

ferric peaks, whi ch should approach zero as the ferrous/ferric ratio decreases 

to zero. A linear correlation is also achieved for these data, which extends 
close to zero in Figure 6. The sample having the largest ferrous/ferric ratio 

was excluded from this linear regression because it did not appear to fall in 

the trend defined by the other data. The correlation coefficients for each set 

of data in Figure 6 are from o.g7 to 0.98. The range of acceptable ferrous/ 

ferric ratios for the vitrification process is estimated to occur between 0.1 

FIGURE 6. 
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and 0.5 (Goldman and Brite 1985; Goldman, Brite, and Richey 1985) . Therefore, 
either correlation in Figure 6 would be acceptable for control purposes, 
although the r2;rl correlation appears to be more consistent for these oxidized 

samples. The regression equations shown in Figure 6 are: 

Figure 6 shows that background-corrected, measured-intensity data at three 

velocity locations can be used to determine the ferrous/ferric ratio in these 

glasses, thereby eliminating the need for mathematically complex fitting pro

cedures and the need for a large computer. Since only three velocity locations 

are required to obtain the ferrous/ferric ratio (rather than scanning the 

entire spectral region with typically 1024 channels of memory), a considerable 

savings in time becomes possible . For example, the microcomputer that controls 

the Mossbauer system could be used with the laser interferometer to drive the 
velocity transducer to the three velocity locations of interest, rapidly col

lect the data, and use the calibrations presented in Figure 6 to output a 

ferrous/ferric ratio. Using this approach and faster counting electronics, it 

is estimated that analytical results could be obtained in less than 1 h. This 
potential would serve the longer-range goal of this work to provide a simple 

analytical procedure with a rapid response time that will better support the 
vitrification process • 
.. 

Mossbauer Testing of Radioactive Glasses 

The results presented above indicate the viability of the Mossbauer method 
for the analysis of ferrous/ferric ratios i n simulated nuclear waste glasses. 
At this point, its utility for the analysis of radioactive glasses has not been 

demonstrated. Mossbauer spectroscopy depends on the resonant absorption of 

relatively low energy (14 . 4-keV) gamma rays generated by the radioactive 57co 

source in the instrument . This source typically has an activity of about 

50 mCi . The experiment is complicated for radioactive glass samples because 

they also emit a variety of radiations (for example, beta from 90sr and gamma 
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from 137cs) into the gas-filled proportional counter. The net effect of these 

processes is to substantially increase the background intensity~ which dimin
i shes the signal/noise ratio of the desired resonant peaks in the Mossbauer 

spectrum. For example, a reasonable estimate of the combined activity from Cs 
and Sr in West Valley and Savannah River glasses at their expected waste load

ings will probably be greater than 0.1 Ci/g. To achieve an acceptable concen

tration of iron in the glass sample in a Mossbauer experiment of 7 to 10 mg 
Fe/cm2, 0.3 to 1.0 g of glass are generally used. Thus, the sample may have an 

activity level of 30 to 100 mCi from Cs and Sr, compared with 50 mCi from the 

Co source. Although options exist to minimize some of these problems (such as 

beta shielding, reducing the amount of glass used, and better collimation of 

the cobalt source), the above calculations suggest that the background problem 

will be a significant factor in the Mossbauer analysis of radioactive glass. 

In order to evaluate this problem, a shielded container was designed and 
constructed for the Mossbauer spectrometer for testing radioactive glasses in 

a hot cell environment (Figure 7}. The double-walled container is made from 

1/4-in. steel plate and filled with 2 in. of lead. The main chamber contains 
the velocity drive, laser interferometer, Co source, and beam collimator. The 

electrical connections pass through the container wall at an angle to minimize 
direct radiation penetration. The detector is separated from the source and sam
ple by a wall containing 1.5 in. of lead. The wall is slotted to hold the sam

ple in the beam and has an aperture to pass the radiation to the detector. The 

lid is placed over the bottom section to seal the spectrometer. The entire 

contained unit can be moved by crane using the slotted connections shown on the 

sides of the container. 

The sample is ground in a hot cell and weighed. The appropriate amount is 
placed in a Plexiglas(a) mounting plate (also shown in Figure 7}. This plate 
is made with three 1/16-in. Plexiglas plates in a sandwiched configuration. 
The middle plate has a 1.125-in. diameter hole drilled in it that is aligned 
with the axis of the beam when it is inserted into the sample slot of the lead 

container. This plate is glued to the solid bottom Plexiglas plate. The 

( a) Registered tradename of the Rohm and Haas Company , Philadelphia, 
Pennsylvania. 
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sample is evenly spread into this cavity and secured with an acrylic spray. 
The top Plexiglas plate is then glued, thereby sealing the sample in Plexiglas 

for transport to the spectrometer. 

Three samples were prepared and analyzed. The first glass contained U and 

Th and was melted from a liquid feed in a clay crucible. The waste fraction 
was made to simulate West Valley waste, but it included U and Th. The final 
glass composition is referred to as WV183, which is a developmental glass used 

at PNL. This glass contains 44.6 wt% Si02, 12.7 wt% s2o3• and 15.0 wt% Na20 as 
the major glass formers. It also has 12.3 wt% Fe203, 0,6 wt% U02, and 3.6 wt% 
Th02 contributed by the waste. Sodium was included in the feed as sodium oxa
late, and additional sugar was used to produce a measurable ferrous/ferric 
ratio. Wet-chemical analysis indicated 0.15 wt% as Fe+2, resulting in a 
ferrous / ferri c ratio of 0.02. The Mossbauer spectrum of this sample is pre
sented in Figure 8, which clearly shows the ferrous peaks near 0.1 and 2 mm/s 
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FIGURE 8. Mossbauer Spectrum of West Valley Glass 
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and a ferrous/ferric ratio of 0.08. Therefore, the presence of U and Th did 

not significantly interfere with the analysis of the ferrous/ferric ratio in 

this oxidized sample. 

The second sample analyzed was the fully radioactive ATM-5 borosilicate 
glass described by Mellinger and Daniel (1983, Table 5). This glass was based 

on the 76-68 glass composition for repository development tests in the MCC pro
gram and was estimated to have a total activity level at that time of about 
0.5 Ci/g from 137cs and 90sr in roughly equal proportions. About 1.2 g of this 

sample was ground in the hot cell and placed in the Plexiglas sample holder. 

Prior to placing the shielded spectrometer in the air lock, a spectrum of 
0.0005-in. thick natural iron foil standard was analyzed in the closed, 

shielded spectrometer, which verified that the instrument was operating prop

erly. The shielded spectrometer was then placed in the air lock. The sample 

was removed from the adjacent hot cell and inserted into the spectrometer. 

The background counting rate increased significantly. The pulse-height 
(energy) spectrum became featureless after the sample was inserted. In con

trast, the 14.4-keV gamma peak can be clearly observed with a nonradioactive 

sample in the spectrometer in the pulse-height spectrum. The settings of the 

electronic discriminators that were used to select the 14.4-keV gamma prior to 
the experiment with the foil were left in those positions for the analysis of 

the radioactive sample. Resonant peaks were not detected after several hours 
.. 

of counting in the Mossbauer mode of the spectromet er, which was attributed to 

the high background activity. 

For the final experiment, the ATM-5 sample was remelted with a speci ally 
prepared frit in a ratio of 4 parts frit to 1 part ATM-5 to produce a glass 
similar to recent West Valley compositions. The frit had an analyzed composi

tion of 57.7% Si02, 11.1% B203, 11.9% Na2o, 6.1% Li 20, and 13.4% Fe203. The 
resulting glass is estimated to have a major oxide composition of 54.2% Si 02, 

10.8% s2o3, 13.2% Na2o, 4.9% Li 20, and 12.3% Fe2o3• The Sr and Cs activity was 

thus reduced by a factor of five. In addition, the Mossbauer sample was pre

pared with only 0.5 g of glass to minimize the rad i ation emitted into the 

detector. Additional Plexiglas beta shielding was placed between the sampl e 

and the detector. The instrument parameters were again verified with the iron 
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foil, except this time the foil was placed in a separate Plexiglas holder and 

i nserted into the closed container in the air lock. The subsequent analysis of 
the new glass containing 20% ATM-5 in the Mossbauer spectrometer again produced 

a featureless spectrum after 5 h of counting. 

These results suggest that the Mossbauer method does not appear to be a 

viable analytical method for the measurement of ferrous/ferric ratios in radio

active glasses containing beta- and gamma-emitting radionuclides. This does 
not imply that additional modifications cannot be made to reduce the background 

problem to a level where a spectrum can be measured, such as using less sample, 
a stronger source, and combining a larger solid angle between the sample and 

detector with better collimation of the 14.4-keV beam. However, since other 
methods are available, such as wet-chemistry and ion chromatography, it is felt 

that they may be better suited for ferrous/ferric analyses in a hot cell 
environment. 

CONCLUSIONS 

The conclusions from this work can be summarized as follows: 

• A linear correlation for FTI ratios determined by wet-chemistry and .. 
Mossbauer analyses was established using area ratios from fitted 

Mossbauer spectra after each spectrum was statistically optimized for 

the peak line shape. Fitting additional ferrous peaks did not alter 
this relationship. 

• Area ratios determined from the Mossbauer spectra overestimated the 

FTI ratio by a factor of 1.2. The wet-chemistry data appear to be 
correct and were not biased by an oxidizing atmosphere during sample 
digestion or by the presence of other multivalent ions in the glass. 

• ~easured intensity data at three velocity locations, one representing 
the background and two representing the ferric and ferrous resonant 
peaks, can be used to quantitatively measure the ferrous/ferric ratio 

in these complex glasses. This potential could lead to a new 
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generation of analytical Mossbauer systems that could significantly 

decrease the data collection time and eliminate the need for complex 

spectral fitting . 

• The Hossbauer technique can readily analyze waste glasses containing 

U and Th; but tests with glasses containing beta- and gamma-emitting 
radionuclides (137cs and 90sr) were unsuccessful, suggesting that 

other methods shoul d be pursued for ferrous/ferri c analysis of fully 

radioactive glasses . 
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COLOR ANALYSIS OF GLASS POWDER 

It became clear early in the characterization of ferrous/ferric ratios 
that there was a pronounced difference in the color of oxidized and reduced 

waste glasses in powder form. Glasses lacking ferrous iron were generally a 

light tan color , whereas glasses with a measurable ferrous/ferric ratio were 

gray and became darker at larger ratios. This observation appeared to be 

obscured as the chromium content in the glass increased. The color change was 
readily observed for the WV199 composition containing 0.22 wt% Cr2o3 but was 

difficult to detect for the WV182 composition containing 0.66 wt% Cr2o3• There 
was essentially no perceptible change in color in recent Hanford glass (con

taining greater than 1 wt% Cr2o3). Thus, it is possible to quantitatively 
measure the color of the glass powder from its reflectance properties using 

conventional colorimetry analysis. If this is proven to be a viable approach, 

:hen adaptation to a hot cell environment would be somewhat easier than for 
other methods because video cameras and optical fibers could be used to lessen 
radiation exposure. 

COLORIMETRY 

A brief discussion of colorimetry is required before discussing the color 
analysis results. Color analysis is used extensively in industry for quality 

control, mixing of pigments, etc. Computerized commercial colorimeters are 
available for most applications. Reflectance measurements are taken by such 

instruments for opaque samples, such as the highly absorbing nuclear waste 

glasses. Such samples will have their own characteristic spectrum over a wave
length from 380 to 780 nm (0.38 to 0.78 ~m), which covers the complete visible 

spectrum. The reflectance value at each wavelength is multiplied by a standard 
value for a selected type of illuminant source from published tables {Bamford 
1977). This product at each wavelength is then multiplied by the published x', 
y', or z' tristimulus values, each representing an internationally accepted 

primary visual stimulus (for example, for green, blue, and red, respectively). 

The products of these multiplications at each wavelength are summed over the 

wavelength range specified above to arrive at values for X, Y, and z. These 
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values are then normalized so that they add up to unity, thus resulting in 
chromaticity, or color coordinate values, x, y, and z. In summary: 

X= sum [(il l uminant) x (sample) x (x' tristimulus)] over 380 to 780 nm 

Y = sum [(illuminant) x (sample) x (y' tristimulus)] over 380 to 780 nm 

Z = sum [{illuminant) x (sample) x (z' tristimulus)] over 380 to 780 nm 

X = X 
(X + y + Z) 

y = (X 
y 

+ y + Z) 

z = z 
(X + y + Z) 

Since only two values are required to characterize the sample, the x and y 

chromaticity values are generally plotted . Figure 9 shows a color chart for a 
WV199 glass sample having a ferrous/ferric ratio of zero. The curve is 

referred to as a color locus. Points that lie on this curve have a pure color, 

such as a monochromatic filter. The square represents the value of the 

selected illuminant, which in this case is the 06400 illuminant representing 
standard daylight (x = 0. 3138; y = 0.3309). A line is drawn that connects the 

illuminant to the locus (at the solid circle) and passes through the sample 
point {open circle). The wavelength indicated by this intersection on the 

color locus is referred to as the dominant wavelength, which for this sample is 

near 580 nm (yellow). The ratio of the distance from the illuminant to the 
sample (x) divided by the distance between the illuminant and the locus (y) is 
referred to as spectral purity . It represents the amount of white light {illu

minant) that is mixed into the pure color (locus) . Thus, this sample has a 
major portion of its yellow color diluted with white light, which means that 
there is a considerable mixture of other colors in its appearance. 

EXPERIMENTAL METHODS 

The ferrous/ferric ratios of finely ground glass powders were character

ized using wet-chemistry and then packed into small glass vials. A reflectance 
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spectrum was taken over the 380- to 780-nm range at 10-nm intervals using a 

diffuse reflectance integrating sphere coated with barium sulfate in a 
UV-VIS- NIR spectrometer. Appropriate white and black standards were used as 

the 0 and 100% reflectance values. The chromaticity values were determined as 
described above . It was thought that reproducibili ty could be significantly 
improved if the powders were pressed into self-supporting disks, rather than 
being packed into vials. 

RESULTS 

The results for two West Valley compositions are presented in Figure 10. 

Spectral purity is compared against the ferrous/ferric ratio. The l ow chromium 

sample (WV199) shows a s trong decrease in spectral purity as the ferrous / ferric 
ratio i ncreases to a value near 0.5, and then a relatively flat trend for more 

25 



> .... 
·;: 
:::1 
a. 

0.20..-----------------. 

ia 0 .10 ... .... 
u 
Ql 
Q. 

(/) -. -- .......... ~-

0 
\) 0 0 

0 . 0 0 ................................... ......~--'--......... -'-....1.-.I.....I.....J......&.......I 

0.0 0.2 0.4 0.6 0.8 , .0 1.5 2.0 2.5 3.0 3 .5 

Fe 2
• / Fe3

• Fe2
• / Fe3

• 

FIGURE 10. Effect of Redox on the Color of Simulated West Valley Glass 

reduced samples. Thus, the major change occurs in the ferrous/ferric range 

that is reasonable for process control to prevent foaming and metal 

precipitation. 

For the similar study with the WV182 glass, the additional chromi um 
obscured the trend descri bed above, making this approach not viable for high 
chromium wastes, such as the current Hanford waste. Since inductively coupl ed 

plasma emission (ICP) spectrometry compositional data will be availabl e for the 
feed in the feed tank and possibly for some glass collected from the vitrifica
tion system, the amoun t of chromium wil l be known. Thus, its impact on the 

color analysis approach may be estimated with further work (i.e., different 

curves for different amount of chromium) . However, t his complication wi ll 

clearly impair the prec is ion of the method. 
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CONCL US IONS 

Due to interference from chromium, this method may not be as precise as 
the other methods. However, it may be useful as a screening tool to determine 
if a subsequent ferrous/ferric analysis is required • 
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ION CHROMATOGRAPHY ANALYSIS 

Tests were conducted at PNL and the Dionex Corporation, Sunnyvale, Cali

fornia, to determine the feasibility of analyzing ferrous/ferric ratios by ion 
:hromatography. As shown in Figure 11 (a sample spectrum provided by Dionex), 
Fe+2 and Fe+3 can be analyzed directly and a ratio can be obtained by direct 

comparison of the calibrated peak heights. The system consisted of a 

~-'---I I 
0 4 8 12 . 16 

Minutes 

FIGURE 11. Separation of Transition Metals Using HPIC-CS5 Separator Column 
(information supplied by the Dionex Corporation) 
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2000 series ion chromatograph with the post-column reactor and UV/VIS detector 

options. The analytical column was the HIC-CS?. The system can analyze up to 
about 20 heavy and transition metals and can separate and identify the dif

ferent valence states . 

RESULTS 

For these analyses, the appropriate test cond i tions were set up and all 
elements and columns were degassed. When the system was stabilized, several 
standards were analyzed. It was determined that the detection limit for Fe+2 

was about 0.1 ppm; the detection limit for Fe+3 was even more sensitive. This 
Fe+2 detection limit can be achieved even in the presence of 20 ppm Fe+3 with 

no interferences, which corresponds to a ferrous/ferric ratio of 0.005. 
Although testing was stopped at 20 ppm Fe+3 due to lack of time, higher levels 

would probably be possible , resulting in a lower ferrous/ferric ratio. 

While it is possible to quantify Fe+2 at these detection levels, it is not 

possible to quantify Fe+3 in the same analyses due to the nonlinear response of 

Fe+3 above a few parts per million. A simple dilution of the concentrated 

solution will yield a direct analysis of Fe+3• However , due to time con

straints, no further Fe+3 analyses were completed . 

Two dissolutions of the WV202 composition (internal PNL working standard 
for analyses of the ferrous/ferric ratio} were tested: 1} with phenanthrolene 

and an adjusted pH of 3.4 and 2} without phenanthrolene and without pH adjust
ment. After the final solutions were brought to the required dilution volume 
(100 ml), they were poured into 25-ml scintillation vials leaving 1 ml of air 
above the solution. The analyses showed little Fe+2 in Solution 1 even though 

the color was still very intense. In Solution 2, however, there was an abun
dant amount of Fe+2 in solution, indicating that the phenanthrolene complex 

removed Fe+2 from solution, thereby preventing its analysis by ion chromatog

raphy . Therefore, the Solution 2 was used as follows: 

• add 0.5 ml H2so4 and mix with powder in an open atmosphere 

• add 1.5 mL HF and mix 
• add 25 ml 4% boric acid 

• add 10 ml KHP and 2 ml NH40H 

30 

• 



• 

• transfer to f1 ask and cti 1 ute to volume 

• analyze by ion chromatography~ 

Quantificdtion of Fe+2 was obtained by comparing the peaK heights to known 

liquid standards. iwo Fe+2 standards were prepared: one by reduction of Fe+3 

with hydroquinone and one by dissolution of Fec1 2 in 21. HCL Both standards 

were within 3% of each other. Results of the Fe+2 analyses ire presented in 

Table 3. With additional development, Fe+3 would be directly analyzed by ion 

chromatography instead of the analysis of total iron by the ICP technique as 

was done in this st~dy. 

CONCLUSIGNS 

The results of this feasi:>i1 ity studt show that with further deYelopment 

ion chroMatography may become a usef<Jl analytical method for ferrous/ferric 

analysis. Its similarity to the ICP procedure, which has been adapted for use 

witn fully radioactive samples at PNL, suggests that it co:.~ld also be adapted 

for sucn samples. Therefore~ it is recommended that ion chromatography be 

fully explored. 

TABLE 3. Results of Ion Chromatography (:c} Analysis 
of the Ferrous/Ferric Ratio 

Theoretical Total Fe Calculated 
Fe'~-2/Fe""3 Glass, IC Analyzed oy ICP, Fe.~..3 oy !CP Fe+2/Fe+3 

Glass Ratio mg/100 ml Fe+2 gem eem and IC, eem Ratio 

wv202 0.20 26 3.0 21.7 18.7 0. i6 

wv202 0.20 36 5.1 29.3 24.2 0.21 
WV202 0.20 30 4.2 23.3 19 .[ 0.22 
PSCM-21 0.03 20 0.53 15.2 14. 7 0.036 
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