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- ABSTRACT

The purpose of this study was to investigate using x-ray fluorescence (XRF)
spectrometry as a near real-time method to determine melter glass compositions. As part
of this effort, a range of glasses derived from wastewater treatment sludges associated
with Department of Energy (DOE) sites was 'prepared. These glasses were analyzed by
XRF and by wet chemistry dige.stion with Atomic Absorption/Inductively Coupled
Emission Spectrometry (AA/ICPES). The results indicatedéood correlation between
these two methods. Also, a rapid sample preparation and analysis téchniqué. was
developed and demonstrated by acquiring a sample from a pilot-scale simulated wasté
glass melter and analyzing it by XRF within one hour. Based on these findings, XRF
shows excellent i)otential as a process control tool for waste glass vittification.

Glasses prepared for this study were further analyzed for durability by Toxicity
Characteristic Leaching Procedure (TCLP) and Product Consistency Test (PCT) and the

results are presented.
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HAPTERI
INTRCDUCTION

Viuifocaden is an emerging tecircicgy 10 mcommte iccrzaaic hazzleovs apd

—_

cadioaciive wasie constitueats into a glass mamix. Twelve memis with either z oxicity
charactert {+0 Code of Federal Reguiaticas : (CI_R_; 262.2%) or 3 Istung uader =< Land
Disposal Reguiations (70 CFR 268.+. are designawed as iporgamic z=—=rZous
constituents. Th{se metals are antimony. arsenic, barium. cenlhum. cadmiunm. coromium,

J
lead, mercurv, nickel, seclepjum, silver. and thallium. Among the mors: Jommon

radioactive waste coustitueézts are 137Cs. 991'c_. 355, :39Pu, and 99sr. -

-To epsure that the durability of :.:e glass mess regula:ory spé;:iﬁcr-.:ic;s. the
slemenual compesition -of the melt ﬁmx e closely monitored.  Tais will ezsure that
variation in the el compcmuon, due 10 oossiple fe=d inhoﬁogeae ties, does act t=suit in
a Jeterioration in glass dura'oility sufficient 20 require costly reoroce&siﬁg. To crevezt this
occurrencs. timeiy compositional analyﬁs of e melt is a necsssiny.

By its verv nature, process coatrol reguires dynamic and timely inputs In orler 1o
crovide the feedback necessary to mainmin the process within its design parama:2ss. X-
ray fluorescence spectrometry (XRF) is a very rapid analytcal technique. Because of this,

" XRF lenCs itself well to application in procsss control.

The objectives of this project are :o:

1. develop a molten glass sampling =z:hod. apriicabie 0 opn-iine . melter
operarions, to make disks for XRF spectromewic elemenial apalysis; .

2. demonsTate sxo_mficant decrease in compositional analysis time throu:il
the use of ‘(RF spectromeu'y versus digestion with AA.ICPES analysis

3. compare conventional wet chemisay digestdon with AA.ICPES analysis
with XRF analysis of these wast2 ;:;asses,

e — - h c e e . . e e e — ¢ o e e e -
- > i e —— TeeL  ” N —~ e - o, N B P S



to

3. deveict 2 procedure for making CONSIST2oT SCnstant SLUm=ls 2rea wasae

235 Zcrms appropriate for Toxic Charzczaistc Leaciizz Procedure.
; )

4. test ==e saching behavior of these glasses =z TCLP 2= 2CT. A
derziiad examination of the TCLP and PCT Z=a1a is not === of this thess.

The prizmz-v goal of this research is to &vzi:ate the fcssTiiity of usmg x-ray

Juorescence scecrometry as a more time efficienz =ethod to dets—ine in nez- -2zi-time



CHAPTER II | .
BACKGROUND AND LITERATTCRE REVIEW

Viuincation is ieading edge technciogy that maw soive previousiy ditficult 0 solve'
croblems in hazardous wasie disposal. Two very im:.:c.z?_nt advantagss of viu'i't.'icazion are
the significant volume reduction and a -=zl potential Zcr Zalisting of the associated
hazardous material. The reduction in the complexity of Zisposal in terms of cost and sheer
volume of spaEe required is creating an ¢athusiastic response to vitrification technology.
The Environmental Prote.Ction Agency EPA) has decizred vitrification o0 be the B¢at
Demonstrated Available Technology for :he disposal of high-level radioactive waste '
{Federal Register, 1990). Many waste sweams are ca=Sicares for vimitication including
taghouse dust. incinerator blowdown (Rescé et al., 159+, incinerator slag, and high-level
radioactive waste. Another i 1mportant cazgory of wasi=sTeams is wasiewater treatment
siudges. Wastewater weatment sludges result from the <2ament of pra¥iously used
2rocess waters 1o remove particulate mawer and other '.::.ceurable constituents. The

glasses produced and analyzed in this ressarch project zre intended to bcar resemblance 10

glass products which might result from e vitrificaton of wastewater weatment sludges.

- _ Wastewatsr Treatment Sirdces

One source of this particular waswicsweam type cormes from the hazardous and mixed
~ sludges generated from wastewater weamment placs associated xu:ith Department of
Energy (DOE) sites such as the Savannah River Site (SRS), Oak Ridge MNational
Laboratory (ORNL), Rocky Flats Plant (RFP), and Ios Alamos National Laboratories

U.ANL). Treatment of -this aqueous wastestream 35 by the conventional process ot

precipitation, flocculation, and filtration to remove :te dissolved metals. The fltered

solids are placed in swrage, awaiting further treatmenrt and disposal. Generally, each of

the DOE sites pursued a different precipitation me:zod for the wastewater treatment.



da
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Trhese aiternate  precivitation methodcicgies, combicad with dicering  orignal

-

wasiestreams, have precuced sluc es that vary in comroesidon, somerimes dram amzzcaily,

Eps

Tom site to site. Tae next section briedv describes and generally characterizes :he
surTogate of a sludge associated with an aqueous wastastream irom each of these Jour

~

mzier DOE sites. The purpose of zhese descriptions is to demonstrate the wide range of

!

7]

fudge compositional vzriability.

DOE's Savannah River Site (M-Area)

The pn'mai‘y source of this sludge from the Savannzh River site (SRS) is 2 zickel
pizzing line associated with nuclear weagons producu'on. The total volume: of the
wastestream is approximately 1,200,000 gallons. After wastewater &eameng this vciume
is reduced by 65-70 voiume % leaving 210,000 gallons of sludge and 450.000 gailcns of
newiy created spent siliceous ﬁlfer aid. The 2pproximate oxide composition of a surrogate
developed for this wastewater treatment sludge is shown in Table I. (Bennert er al., 1524).

Tze acrual waste itself ‘ncludes uranium and aitrate contaiming compounds.

Oak Ridge National Laborarory S
An aqueous wastestream from the Ozk Ridge National Laboratory (ORNL) sitz is
the X-1407-B and K-1407-C ponds at the Oak Ridge X-25 site. These jonds. wers a
helding/sertling pond and a containment basin respectively. The approximate oxide
composition of a surrcgate developed for this wastewarer treatment sludge are cierived
frcm these pond wastes and are show'1-1 in Table IT (Bostick ez al., 1994). The zcmual

weaste includes uranium and organic matter.

E Rocky Flats Plant
An example of a2 Rocky Flats Plant (RFP) low-level wastestream is the acueous
sludége from the plutonium recovery operations. The inital wearment used in the chemical

pre<ipitation of this wastestream used magnesium sulfare, ferric sulfate, calcium chloride,




Oxide Waisht %5 i{Crv:
Al,O5 2177
CaO ' 0.29
FeZO3 1.10
MgO - 0.25
MnO 0.33
_\'a?_O 13.51
NiO 1.16
Si0, 54.33
Ci'zOs . 0.02
B,0; - 0.04
TiO, ' 0.06
K,0 1.85
PzOs ’ 1.03
" BaO 0.05
PbO . 0.13
ZnO 0.73
CuO 0.03
SUM 799.98

Table II. Oak Ridge National Laboratory Simulzz=d Pond Was:e Sludge Composition

Oxide Oxide Weight 7z n Simulated Pond Wasze idry)
.\"a—_a__O 5.3
- MgO 1.1
PZOS ’ 1.3
AlOs, 159
BaO . 0.1
CaO~ 69.8
FeZO3 . 3.8
SiO, 0.0
MgO- ‘ : 2.3
PbO ’ 0.6
NiO 0.3

SUM 100.5

e e = - N .. e e = © e e v - e ———— e -
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and ccagulazts. Troe diter press used in Jdewatering the siuige was ccazied with
diatomaceous earth. z silicecus material. The approximate oxXde composition of a

-~ .
]
-~

surrogate developed Zor this wastewater trearment is shown in Tztie IO (Cicero er al,
1993). The zctual slucdge contains isotopes of U, Pu, and Am, as =2l as small amounts of

Cr, Ni. Pb, Cd. Ag, 2nd organic matter. _ ' )

Tzble III. Rocky Flats Plant Sludgs Surrogate Oxide Composition

Oxicde Weicor 35 (dry)
_..‘,_E:. 3 _ i.91
B:05 5.12
Ca 1331
F2.05 55.19
X-0 J.43
MO 1230
MzO, 2.59
Nz-0 3.53
N0 3.03°
P-Os 3.5
Pt 3.02
SiOa 3.73
TiOZ . 0.91
Za0 312
STUM : 100.00

Los Alamos Nadonal Labora;ory
Water is used at Los Alamos Nadonal Laboratory (LANL) as part of
decontamination techriques. Treatment of this process water resuits in a mixed waste
sludge. While the infuent warer contained about 100 mg/L of toral dissolved solids
(TDS), the wastewarer contained about 1,000 mg/L of TDS. This wastestream was
treated with at‘.:mnd 2.5300 mg'L of ferric suifare énd was precicitatad with abcut 8,000

mg/L of calcium hydrexide (Bostick ez al., 1994). At one time, the dewatering equipment



~!

used diatomzczous earth (DE) as a Jlter aid: but xore recently, the process was zgjusted
10 use perlizz. While DE is primarily silica, perlitz contains significant amouns of Al and
-, ) - ¥ - . o - ! . -

K. The aprroximate oxide composition of a surrogate developed for this wastewater

treatment sitcee is shown in Table IV (Cicero, 1994). The actual sludge contains

isotopes ot U. Py, and Am.

Table IV. Los Alamos Nationai Laboratory Simulated Wastewater Trearment Siudge '

Composition

Oxide Weight % (drv) _

AlL,O3 3.47 :
BaO - ' 0.08
Ca0O 44.85
CdO _ 0.08

Ce, 03 : 0.15

CI’Z 03 0.19

Fe,O5 6.67

MgO 435
NiO 0.09
PbO 0.07

: SiOn 40.02
SUM ] 100.00

—  ‘The curzant inventory of this waste type is about 154 m3, with an annual dler cake
generation =z of about 52 m3.
In order to make comparison of the compositions of the various wastesreams
easier, Tabie V has been produced as a summary wble highlighting the major constituents
- from the previous tables.
The was:2, the precipitation method, and the ﬁlter aid all have a significant impact

. on the resulaat sludge composition.
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Table V. Summary of Major Oxide Constit:ents in the Wastestream Surrogates (in wt %)

Precipitation
Site. - Method ‘ Na;,0  AlLO;° FeyO; CaO  SiO, MgO
ORNL Ca(OH), 5 i6 4 700 - 2
RFP  Fe(SOy), CaCl,, 9 ot 56 13 7 11
MgSO, '
LANL Fe(SOy), Ca(OH), - 3 7 43 10 4
M-Area NaOH 14 22z 1 1 >4 -

. X-Rav Fluorascence Spectrometrv
Introduction '

XRF spectrometry is capable of providing both qualitative and quantitative inclariganic
chemical analysis of elements ranging from boron to uranium. A description of this
technique is provided in this section. For a more in depth coverage of this subject, several
good books have been written by Berstein (1962), Bertin (1970), Birks (1969), and Carr-
Brion (1939). '

The following factors tilt the balance significantly in favor of XRF spectrometric
analysis. First, this is a nondestructive testing procedure. Also, XRF accepts a specimens
in a variety of physical fdrrris. For a solid sample, a highly polished flat surface is the ideal
and yields the best results. However, XRF analysis can also be perform;d on liquids,

B;wders, and objects of varied shapes such as washers, bolts, and other parts. It is
extremely easy, to use. It performs well with high p}'ecision and accuracy and is not time
intensive. An accurate analysis of a solid marrix with a relatively large number of elements
present may be obtained in minutes. Other znalysis methods such as inductively coupled
plasma emission spectrometry (ICPES) or aromic absorption (Ad) z;n_alysis can take hours
10 complete since the sample must be digested into an aqueous n}atrbﬁ prior to ‘
- presentation to the instrument. Bet;ause of the slow, tedious nature of AA and ICPES,

they are not readily amenable to process control. On the other hand XRF is a-leading




\O

candidate for use as a process controi ool. It was the curpose ¢I this resezrsd to.
determine if XRF can provide the analytical speed, and accuracy, and srecision necessary
for use inAprocess- control.

Application of XRF to the commercial glass industry is quite exzensive. However,
there has been minimal use, to this point. of XRF in the area of wast2 Ziasses. " Camey
(1994) has used XRF to determine the composition of a vieous surrogate slag n an

attempt to quantify Ce, as an actinide surrogate, and Fe. He also used XX to anaivz2 the

powdered processed standards which were made of Si, Al, Fa..and Mg. His concusions

were that “XRF technique shows promise for pfoviding rapid semi-quzzttative Zzza for
the Ce and the Fe in the slag material” (Carney, 1994). The oxides in his §e§grch
common to this thesis, were Fe in amounts from 0.0 to 16.7 weight pér:e;n:, Alffrem 210
11 weight percent, and Si frem 22 to 32 weight percent. By comgzsison, the oxide
cofnposition ranges used in this thesis are Fe from 4 to 35 weight per-cen:. Alfrom 2015
weight percent and Si from 14 to 37 weight percent.
Physics of X-Rays

X-rays were discovered ov W. C. Roentgen in 1893 and are \;roduced ov the

bombardment of marter with protons, ¢lectrons, or heavier i;)ns. Inner shell elecrens of

matter are preferentially removed by these particles. In moving to refiil these inner shell

Vacancies, outer shell electrons give up energy in discrete quantities in 2 form caled x-
rays. This process of producing x-rays by the direct bombardment of mazzer with parucles
is called primary excitation. However, these resulting x-rays are further capalie of
striking a sécond atomic target and also cause an inner shell electron from hat target o be
ejected. This process produces an X-ray ;md is called secondzrv excitatcn or
| fluorescence.

The total number of the secondary excitations, for each individuzi slement in the

matrix, is termed. the fluorescent intensity of that elememt and is usuzily expressed in



thou_sa'nds of counts per second as recorded in the detector. The fuorsscent iatensity is
proportional to several factors including. primary and secondary mass absorption
coefficients, sample density, sample thicknéss_. and the wei_g_hi iraction of the elemeat in
the matrix. Equation (1) (Carr-Brion, 1989) shows the relationshirs of these faciors to

fluorescent intensity (Ir).

KIo(l-exp[-(us-ug)px])
= Wa
“p+us

IF (1)

where K is a factor dependent on geometric vield, fluorescent vield, ewc.,

I, = theoriginal intensity,

up = the sum of the primary mass absorption coetficients. )
Us = thesum of the secondary (fluorescent) mass absorption coefficieats.
P = the density, l

X = the sample thickaess,

W, = the weight fraction of element a in the sample.

-

The fluorescent intensity, with the proper detector, multi-channel analvzer, and counting
circuitry, generates a line spectrum. The secondary excitation of a sample producss a line
spectrum unique and proportional 0 each element present in the sampie.

" The penetration of x-rays into the sample is limited depending on the composition of

—the sample, the absorprion coetficient associated with each element in the matrix, and the

energy of the x-rays. It must also be considered that the X-rays created within the sample,

~

that is the fluorescence, must escape in order to be detected. The lower the atomic

number of the element in the martrix, the lower the energy of the -fluorascent x-rav and the

greater likelihood that the fluorescence will be absorbed prior to departure trom the

interior of the sample. . Furthermore, these soft x-rays are much more likely to be absorbed

enroute to or in the window of the detector. Therefore elements with low atomic numbers

pose special problems. As the atomic number decreases, the region of analysis can

decrease from a depth of several millimeters (mm) to several hundred angstroms. For
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example. Na, B and other elements of lower atomic zumber produce verv soft X-1avs
which have a very limited ability to escape the matrix and are also readily amzauated in air
and in the detector window. Special considerations are necessar'y_ for these clements.
Some currently implemented techniques include mainmining a vacuum or specialized gas
like helium in the XRF sample chamber, use of ultra thin detector windows. use of more
sensitive.more efficient liquid nitrogen cooled detectors, and use of higmer §0\;'er X-ray
tubes which produce increa:sed flux. Even with these precautions, low cet';n: fates may

lead t0.excsassively long counting times.

Instrumentation
A simplitied diagram of the components of the interior of a wavelength dispersive

XRF specwometer adapted from de Galan (1990) is presented in Figure 1.

6 Scrmple

N(—Rcys
. X-Ray Tube

Collimai

Scintillation Crysicl

Detector

Goniomefier

Figure 1. Typical Wavelength Dispersive X-Ray.Fluorescence Spectrometer

Diréct excitation occurs in the X-ray tube where electrons bombard a iixed target
generating primary X-rays with an energy proportional o the mass of the targetratom. The

target is important in that the x-rays produced need-to have sufficient energy 0 be able to
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remove inner shell electrons zzd produce Sucrescence in all the elements praseat in the
sample. Chromium and rhodium are commeniv used targets because they producss x-rays
that will 2xcite most materials. They are durable in the environment of the X-ray tube and
are easily obtainable at high purity levels. These primary X-rays stn'ke the sample and
generate the secondary x-rays called seconcary fluorescence. This is the characteristic
radiation (or fluorescent mten:m) that is unicue to each of the elements present. The sum
of the characteristic radiations is in the form of a polychromatic radiation which is then
collimated into a nearly parallel bundle. The divergence from the collimator is usually the
limiting rfactor in the resolution of the spectrometer. The collimated x-rays strike the
analyzing crystal, which acts likz a three-dimensional grating :0 diffragt the x-ra;s. - Since
different secondary x-ray \'vaveiengths require different crysal planar separations in order
to be didracted, several dltteﬁnt crystal vpes are used >pec1t1c to ;he element being
analyzed. The more common crystals may te made from lithium tluoride, germanium. and
other materials. Although Figure 1 depicts a single crystal, modemn spectrometers have a
number ot different crystals that can be seleczad for optimizing the anél_vsis for the element
of interest. The crystal and the detectors are mounted on a goniometer. As the
goniomerer turns, the effective planar seraration of the crystal shirts relative to the

incident t beam. Therefore for sach position of the crystal, a different single wavelength

will be dirfracted via constructive interferencs in accordance with Bragg's law.

p—

nt = 2dsin® : (2)
. where n is the order of diffraction (usually n = 1),

= the wavelength,

= the interplanar spacing of the crvstal,

© a >

= the angle betwezn the crystal ard the incident radiation. ) .
The incident radiation arrives at an angle of @ relative to the crvstal surface. The
diffracted radiation leaves the crystal at an angle of 26 relative to the incident beam. This

radiation is measured in the detector which is always positioned at an angle of 20 relative




to the incident radiation as the crvstal and detector is retzz2d Tom zerc 0 ninetv Jegass

in order to measure the entire spectrum from the sample (Birks, 1969).

.

Errors

The sources of error associated with the measuremeant of x-rav intensitv “z1 into

approximately six main categories as follows (Berstein, 1$82):

1.

[S})

Counting error - the error (or standard deviadcn) in the counts :s the squarz root
of the number of counts.

Instrument errors - inciude short and long term instabilities 2ad drift in x-ray
tube voltage and current; primary x-ray specwal distribution; temrerature

" induced changes in the crystal interplanar spacing; changes in -he detectors due

to voltage fluctuations, and electronic noise. -
Operational errors - primarily due to operator technique.

Specimen error - primarily non-homogeneity of the sample zzd absorptcn and
enhancement effects. Absorption refers to the process by wkich the secondary
x-ray is reabsorbed by the matrix before it can ascape from =e sample 2nd be
detected. This reduces the apparent fluorescent intensity for that parZcular
element. The opposite process, enhancement, occurs when ke Juorescance of
one element has sufficient energy to excite one or more other elements in the
sample (Birks, 1969). This creates an increase in the apparent Juorescencs Tom
a particular element in excess of that which weuld be attributed soleiv :o the
secondary excitation caused by photon bombardment from the x-ray wbe.

Estimation error - occurs when determining the zlement concentration Tom the
calibration curve.

Spectral-line interference - contributions from closely adjaceat spectral lizes to
the spectral line of the analyte of interest. '

Sample Preparation

Solids for XRF are prepared as pressed powders or fused glass disks. Powcers can

be mechanically pressed into a disk with the aid of a binder. This methoé can have paricle

size effects. These effects can be minimized by grinding the powder sufciently 3re. In

- most cases a -300 mesh powder is sufficient to produce good results. This can be verided

by 'measuring the elemental intensities at several stages in the grinding process and
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stopping when the intensity walues reach a constant level (Birks, 156%). In the second
form, particle size effects can be eliminated by Zusing the sample with 2n appropriate flux
(Claisse, 1957) and then casting into 2 non-weting platinum/gold alloy mold or 2 graphite
mold. Some materials do not requirs additdonal flux in order to be made into a castable
melt.
The next step in the preparaticn of a s.qlid fused sample is the anneaiing process.
The molten sample is poured into a mold which vields a disk shaped form. As the sample
- disk cools, a temperature gradient is internallv established. This creates ;ongitudin.al
tension in the outer layers and leaves an area of no stress in the center of the samg[e- In
order to relieve these stresses and prevent the disk from either spontaneously shatéering or
shattering with handling or polishing, it is necessax"y to anneal the disk. Alvarez (1990)
'describes a method to optically detect and measure the stresses in the fused XRF disk by
use of a polariscope. Also, a method is descrited to determine the annealing time.
Graphite molds.have been used in the fusion of geological samples (Luedemann ez
al., 1991). The graphite mold does not create quite as smooth a surface as the
platinum/gold alloy mold. However. it is easy to use, inexpensive. and. does not require
acid cleanup as is the case with merailic molds. While precision from a graphite rnold cast
sample is good, the best results are achieved by carefully polishing the disk. -LUsually a 600
_grit dry polished surface is sufficient and produces excellent results. This surface,
although very smooth, does have very ﬁne' parallel Hnés, whereas a sample poured into a
-platinum alloy mold does not. In order to avoid diéﬁ'actior1 effects from these lines, the
sample is spun inside the XRF. ‘ .
To reiterate, two factors are verv important in sarﬁple preparé.tion- First, the sample
must be homogeneous. Secondlj, precise and accurate analyses require a flat and smooth

sample surface.




Quantitative Analysis

The unique characteristic radiation produced from the sample can ‘=ad to
quantitative evaluation of the elemental composition. However, the intensity or count
rate, when plotted directly on a calibraton curve of imwensity versus <lzmental
concenration, may be non-linear. The usual source of the non-linearity is due o inter-
elerﬁent erzects, such as matrix eifects like absorption and enhancement. The zcal is to
use a moce! that will correct this curve back to linearity. Relatng fluorescent inzzsity to
composition can be accofnplished, to a greater or lesser extent, by one of two mezads.

The drst method of XRF quantification is called the empirical coefficiens method
and uses eﬁpﬁmﬂy determined coefficients relating one element's matrix e:fec:s on
another. This requir-es the development of calibration curves. from matrix-zzatched
" standards. The result is that the effect of each element on every other elemezt in the
matrix is measured. With this procedure, as the number of elements increase, the :mméer
of standarcs increases. Clearly, in a complex matrix, determination of the =mpircal
coefficients can be a significant undertaking. The best results are 'obtained- wzea the
empirical coefficients are measured in a matrix similar to the that of the sample. Several
variations Of this type of empirical model improved tﬁrough the vears, were deveioped by
a number or researchers. The Lucas-Tooth-Pyne model is optimized towafds acaiysis of
__samples with smali elemental concentration ranges (Lucas-Tooth and Pyne, 196%). The
Rasberry-Heinrich model is claimed to give better fits when there are strong enbazcement
effects (Rasberry and Heiarich, 1974). It is suggested that the de Jongh model is able to
give a bettzr fit where both absorption and enhancement effects are present {ce Jongh,
1973, 1979). Another widely used model is the Lachance-Trill models (Lactzzcs and
Traill, 1966). A modxﬁcatlon of the Lachance-Traill model, able to handle one or two
component systems as well as complex systems over a wide concenwation range, 2as been
constructed by LaChance and Claisse (1980). Each of these models requxres 2xzensive

preparatorv lab work and are computationally intensive.
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The second method, cailed the funcamental paramerers method, uses basic
parameters such as x-ray tube power, include x-ray tube targe: material, tube voltage, tube
window thickness, x-ray tube spectra, published x-ray mass attenuation coeﬁcients;
geometrical factors, and fluorescent yields, etc., o calculate the quantitative presance of
the elements in a sample from the intensities. Fundamentai- parameters method. which
significantly reduce the required number of siandards, was brought to world attention
through the work of Criss and Bir_ks (1968). The only assumptions made for this model
are that the sample is infinitelv thick, has a ilat surface, and is homogeneous. The
composition is directly calculated by iteration (Birks, 1969). The results from the model
are becoming increasingly more accurate as researchers more carefully 'me:is:uge the
fundamental parameters. The advantage of this particular model is that composition can
be calculated without the use of standards or empirical coeficients to a high degree of
accuracy. Use of standards allows even bexer results. In order to allow more wide
spread usage, the computer code for this model was rewritten so that it could be run on a

.

personal computer (Criss, 1980).

Inductivelv Coupled Plasma Emission Spectromerrv ( IC?ES)

The focus for this project is the use of XRF as a pro-cess control instrument in the

field of vitrification. This section will provide a foundation 10 show that XRF would be a
—more productive analysis method.

Like the flame atomic absorption spectrometer (FAAS) and the graphite furnace
atomic absorption spectrometer (GFAAS), the inductively coupled plasma emission
spectrometer (ICPES) requires the sample to be in a liquid marrix.

Because the solid glass sample must be digested first. the total time required for

~ analysis by ICPES is dramz;tica'lly increased o several hours (analysis by wet chemical

methods followed by ICPES and/or AA is hereinafter referred to as ICP). It is precisely
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this that makes XRF analvsis of waste glass so anracdve. The average analysis time for

XREF analysis is on the order of minutes. XRF application to process control is obvious.

. e e = =



CHAPTER III
STATEMENT OF EXPERIMENTAL OBJECTIVES

Table V shows a wide range of varability in the elemenl composition of the

example wastestreams. A prerequisite of this project is to derive a compositional spacs 10
PI1O]J £

encompass as many of the elemental extremes rom the wasiestreams of these wastewater

treatment sludges as possible. Vitrification of compositions within this space will rasult in

a series of glasses which will be evaluated as discussed later. . The objectives of this

research are to:

1.

2.

I

develop a molten-glass sampling method applicable 10 on-line melter
operations to make disks for XRF spectrometric elemental analysis,

demonstrate significant decrease in compositional analysis time through
the use of XRF spectrometry versus digestion with AA ICPES analysis,

compare conventional wet chemistry digestion with A, ICPES analysis
with XRF analysis of these waste glasses, ’

develop a procedure for making consistent constant surfacs area waste
glass forms appropriate for Toxic Characteristic Leaching Procedure
(TCLP) testing, and

test the leaching behavior of these g_lasses with TCLP and PCT. A-
detailed examination of these TCLP and PCT dam is not part of this
thesis. .

The primary goal of this research is to evaluate the possibility of using x-tay

fluorescence spectrometry as a process control 100l to determine near real-iime melter

glass composition.




CHAPTER IV
EXPERIMENTAL PROCEDURE

Construction of the Compositional Space

The experimental design procedure used to construct the glass composition space
examined in this research is described in this section. The major elements preseat in the
wastes from the four DOE sites discussed in Chapter II include Si, Al, Fe, Ca, and Na. ‘To
these five elements B \is added for glass forming properties and Ni, Pb, and Ba are added
1o represent the hazardous species. '

After estimating the .i;robable glass-forming region on the Ca0-SiO;-FeaO3 ternary
phase diagram (American Ceramics Society, 1969), several screening studies were
performed to determine the acwal limits suitable for vitrification. "The screening studies
demonstrated the need to decrease the Fe level in order to eliminate insolubilities within
the melt. A large glass-forming region was predicted and is depicted as the rectangular
area in the CaO-SiO,-Fe,O5 ternary phase diagram shown in Figure 2. This region is
defined by four vertices each with differing amounts of SiOa, CaO-.‘ and Fe-Os. The
orientation of the region on the phase diagram is such that only two levels of Fe,O5 are

present. This leads to one level of Fe;O3 for points 1 and 2 and a higher level for points 3

and 4. The compositions of the vertices of this compositional space are shown in Table
VI' .

The signiﬁca.nce of the Point 1 composition is its low Fe,Os, high CaO, and low
SiO; content. i’oint 2 on the other hand has acomposition which is low in Fe.Os, and has
" the highest SiO5 content. Point 3 has high Fe;03 and CaO composition and it has the
lowest level of SiO,. Point 4 completes the compositional space as a composition with

high Fe,03 and SiO, contents and low Ca0O.



CaO . Fe205

Figure 2. The CaO - Si0, - Fe;O5 Ternary Phase D'iagram

Table VI. Summary of Major Constituents in the Original Composition

in Mole Percent
Point Si0, (Mole %) CaO (Mole %) ~ FeaO5 Mole %)
1 12 54 4
2 63 33 ) T4
3 33, 45 20
4 36 24 : 20

This compositional space was expanded dimensionally by substitutiont “6f Na,O for
-part of the CaO at two levels such that the two mole ratios of Na to Ca were 0.5 and 2.0.
This doubled the original four vertices o a total of eight. In order to add B,Oj5 to the
‘compositional space, an additional eight points were created. The B composition in these
eight points was determined by substituting 17 mole percent B,05 for Si0O;. This brought
the number of vertices to sixteen. In order to add Al,O5 to the space, these 16 points
were duplicated, but with a 10 mole percent substitution of Al,O5 for SiO,. Thus, the
final compositional space is defined by 32 points or vertices representing a five-
dimensional hyperspace. Additionally, for all 32 compositions, Ba, Ni, and Pb oxides was

added at the following fixed levels:
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2.0 mole % Ni substituted for Fe;
2.0 mole % Ba substituted for Ca;
1.0 mole % Pb substituted for Ca.

Aiter expansion of the compositional space, a series of glasses were prepared which
corresponded 0 the vertices and some interior points of the space.

The néming convention for each of the points of the space tollows. Each glass is
identided by a number followed by three letters. The numbers can range from one to Jour
and relates back o the original four vertices in Figure 2. The first letter relates to the level
of Na in that glass with L suggesting a Na/Ca ratio of 0.5 and H suggesting a Na/Ca ratio
of 2.0. The second letter relates to the level of B in that glass with O suggesting 1o B arnd
H suggesting the high level. The third letter relates to the level of Al in that glass with O
suggesting no Al and H suggesting the high level. The following example will clarify this
concept. The glass 2LHO suggests that th%s is a derivative of Point 2. 'fhe first lemer
indicates that the Na/Ca ratio in the glass is 0.5, the second letter indicates that B-O5 has

been substituted for 17 percent of the SiO,, the third letter indicates that Al has been
added.
The 2-Space defines a subspace of the entire composition space defined by 2LOO0.
2HOO, ZLHO, ZHHO, 2L.OH, 2HOH, 2LHH, and 2HHH.
_ ’fhe 2-Space is pictorially presented as a cube in Figure 3. This figure demonstrates
the resuit of the substitutions applied to the original Point 2 For example, 2HHH would
be derived from Point 2 with substitutions at high levels of Na, B, and Al. Increases in the
substitution ratio .of the various elements from the low value to the high value are
indicated by arrows.
Points i, 3, and 4 have similar three-dimensional de.pictions and exist within the
compositional space. The general relationships betwesn the subsi:aces are depicted in

. Figure 4. This figure represents a 5-dimensional space. One of the major differences

between these subspaces is the increase in the Fe concentration indicated by the arrow.
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In addition to the 32 vertices, a decision was made to make three repiicate glasses
representing the midpoint of the eatire compositional space. These glasses are called
MID1, MID2, and MID3. Midpoints from several of the possible subspaces were also
produced. For example, from Figure 3, the midpoint of the 2-Space is called 2MMM. It
was constructed by taking equal masses of powderéd glass from each of the zight points
associated with the 2-Space. Because of some insolubilities in the -space glasses with
alumina, these four compositions were mix-ed with their counterparts in 2-space and
renamed as 6-space glasses. For example, 6LOH is a mixture of 40% 2LOH and 60%
4LOH. The reqiaining miﬁures are 6HOH at 50% 2HOH and 50% 4HOH, 6L.HH at 30%
2LHH and 70% 4LHH, and 6HHH at 25% 2HHH and 75% 4HHH. The weigﬁt'pgrcent
compositions and the molé percent compositions associated \;vith the compositional space

are listed in the appendix in Tables A-I and A-IL.

Chemicals
The chemicals required to make the points of the compositional space were silicon
(IV) oxide, SiO,, with a purity of >99.5% purchased from Johnson Matthey, Ward Hill,
Maine; calcium oxide powder, CaO, reagent grade (purity of >99%) purchased from
Mallinkrodt; sodium carbonate, Na,CO5, ACS grade (purity of >99%), purchased from

~ Johnson Matthey, Ward Hill, Maine; iron (III) oxide, Fe;O5 , -325 mesh onvder with a

“purity of >99.8% (metals basis) purchased from Johnson Matthey,. Ward Hill, Maine;

boron oxide, B,O3 , 60 mesh powder with a purity of >99%, purchased from Johnson

Matthey, Ward Hill, Maine; barium carbonate, BaCO3, 1 micrometer powder with a purity

of >99.9% (metals basis) purchased from Johnson Matthey, Ward Hill, Maine: nickel (II)
oxide, NiO, with a purity of >99%, purchased from Johnson Matthey, Ward Hill, Maine;
and lead (II) oxide, PbO, powder with a purity of >99.9%, purch;aséd.from Johnson

Matthey, Ward Hill, Maine.



Glass Preparation

A total of 43 glasses were prepared. These included the originai 32 comgositions
which correspond to the vertices of the space plus an additional 11 glasses wizhin the
space. A concern throughout the project was to ensure homogeneity of the glass and 1o
avoid contamination of the melts. .

A volume of approximately 500 cm3 of each glass was made. This quan:itv was
adequate to not only make the required samples for each point, but ajso to leave a glass
reserve to support possible future projects. Previous crucible tests silggeSted that gléss
density would be approximately 2.5 to 3.0 g/cm3. This density suggested that around
1500 g of oxides would be.required for each point. Using the weight perce-nta-:ges from

. the appendices, the requireéi amounts of each oxide were calculated. in the melt sodium
carbonate decomposes to Na,O with a release of CO,. It was necessary to calculate the
correct quantity of sodium carbonate required to compensate for tﬁis decompositicn. The
oxides for each glass were weighed on a Mettler™ PM6100 electronic scale to an accuracy
of +/- 0.03 g. Prior to melting, the weighed oxides for each gla:ss were placad in a
Nalgene™ half gallon container which was rotated on a Model DC-20 TCLP Ex=ractor
made by the Analytical Testing Corporation of Warrington, PA, for at least three h-ours to
ensure homogeneity of the mixture. =

-  The powder was placed in 750 mL high purity alumina crucibles made by Coors
~ Ceramics of Golden, Colorado. Because of concerns about the thermal sensitivity of the

- alumina crucible, this crucible was nested in a larger K-size silica crucible made ov DFC
Ceramics™ of Canon City, Colorad.o. Sufficient filter-grade sand was added to the bottom
of the silica crucible to prevent the alumina crucible from touching the silica crucible
sidewall. In the event of breakage, the melt would be retained in the secondary crucible,
thereby protecting the furnace. Two furnaces were used to prepare the glasses. The main
"glass melting furnace was a Model DT-31-12 bottom loading furnace made by Deltech,

Inc. of Denver, Colorado. The maximum design temperature was 1704°C. The interior




25

workspace could accommodate a maximum' work piece size of 292 mm in diameter and
292 mm high. A Lindberg/Blue-M Model 31894 Iaboréwr_v 2ox turnmacs used for
preheating and annealing was made by Lindberg, Inc. of Watertown. Wisconsiz.

The pested crucibles were preheated in the Blue-M furnace using a ramp rate of 3°C
pér minute to a temperature of 800°C in order w0 decrease the possibility of cracking the
alumina cmcible§ due to thermal shock when the crucibles were sutsequently iransterred
to the Deltech furnace at 1370°C for meltin.g. Due to alumira crucible.furnace size
restrictions, all of the mixeci powder would zot initially fit in the crucible. Powder was
added four to eight times.at fifteen minute intervals as the powder fused and decreased in
volume. After the last powder addition, the melt was left at temperature. for 1.25 "hc'm’rs to
allow the melt to reach homogeneity. The melt was then quenched on a 19 mm thick type
304 stainless steel plate and after cooling it was stored in a plastic container.

To ensure homogeneity the glasses were ground in a Thoma;s-Wiley’“ (Model 4)
laboratory mill and sieved through a 35 mesh screen. The glass particles too iarge to go
through the sieve were reground in a Tekmar mill until they péssed tﬁe sieving criteria.
Each of the powdered glasses was stored in a separate plastic container.

Next, approximately 300 g of the powdered glass was remelted in a 95%
platinum/5% gold alloy crucible (tor its release qualities) z;.t 1370°C..in order to
manufacture the required samples: The melt was held at 1370°C for one hour prior to
casting. The required samples consisted of XRF disks and constant surface area forms

_ which would be used for the Toxicity Characteristic Leaching Procedure (TCLP) test, the
Product Consistency Test (PCT), the XRD evaluation, and the archive samples. The
constant surface area forms required milling berore being used for PCT and XRD.

" Two waste glass forms were produced with one being tor XRF analysis and the
other form, a constant surface area pellet, being 'used tor the remainder of the tests
performed for each of the glasses. ngniﬁcant thought was given as to whether it would

be preferable to pour the forms for XRF into graphite or platinum ailoy molds. The
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advantage of a platinum mold is that this type of mold preducss a bottom surface that is
ready for presentation to the XRF with no other surface precaration reqdired. It also
provides easy release from the mold. A study was carriéd out. during the course of the
project, to compare the XRF results from disks cast into platinum and graphite molds both
made by SPEX Industries, Inc. of Edison, NJ. The study sugges:zd that the surface of the
disk from the graphite mold was of sufficient flatness and smoothness so as o0 generate
good precision data. This was the result rom multiple runs in the XRF. The results of
this study also suggested that the increased costs of platinum .zmolds were not justifiable.
The high purity graphite molds for the XRF disks were 40 mm inside diameter at the
bouom. They had slightly tapered sides 1o facilitate disk removal after c;)oli;:g; The
height of the molds was approximately 35 mm.
The second form for the pellets was also poured into grarhite molds. These molds
were prepared trom blocks of high-purity graphite. The blocks mea;s,ured 50x30x100 mm.
Four rows of eight holes each (~9 mm in diameter by ~9 mm deep) were drilled as a set
into two opposing longitudinal sides of the block, two sets per ’alock.’ It was necessary to
drill four blocks during the course of the research. Two blocks were used unrl they were
worn down through oxidation and cleaning. ’ 4
For each composition the graphite molds were preheated in the Blue-M furnace at
450°C for about fifteen minutes prior to casting in order to prevent the glass forms from
cracking due to thermal shock. Observation suggested that longer heating of the molds
caused an unacceptable oxidation layer to form on the graphite surfaces.

Two XRF disks approximately 10 mm thick were poured into two of the graphite
molds. This thickness was chosen to ensure that no X-rayvs \\':_ould pass completely through
the sample. '

‘After reheating the melt for three to five minutes, the molten glass was cast into
.constant surface area forms. A stainless steel plate was used to press the molten glass into

the holes.
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Arwer the melt was again reheated for three 0 five minuzss, the last two XRF disks
were cast. After each set of samples was made, the molds were carefully cleaned using
cheesecloth and Q-tips to remove any oxidized graphite. : .

After casting, all samples were annealed in the Blue-M furnace at 450°C for 40
minutes. The samples. were then removed and allowed to cool to room temperature.
Annealing relieved internal stresses and allowed the forms to be handled and polished with
less chance of shattering. |

Afxter annealing and cooling, the disks were carefully labeied A, B, C, and D in the
order that they were cast.

The glasses were polished using SiC paper on a Buehler polishing wheel 'to one
mesh size higher than the final analyzed surface finish. Next, the glass was carefully
abraded manually using a fresh sheet of the final 600 grit paper grade, first in one
direction. then perpendicular to the original direction. This insure& a rep.roducible finish
with the correct number of scratches per inch.

After, annealing and cooling, the constant surface area forms to be used for TCLP
were sieved through a 9.5 mm screen in order to comply with EPA sample size
requirements for TCLP. A TCLP sample with a constant surface area should provide
more consistent results. After milling, constant surface a‘rea forms were also used for the

PCT (Jantzen et al., 1987), redox, and QCA analyses.

For these specific tests, the forms were ground into the appropriate particle size for
the associated analysis.
In order to determine the etfect of devitrification on the XRF intensity data, the B

disk from each set was subsequently reheated to promote deviwification. This was carried

out by heating the disks in the Blue-M furnace at a ramp rate of 5°C per minute to a

temperature of 600°C for a duration of eight hours. The furnace was then ramped down

to room temperature at a rate of 100°C per minute and the samples were allowed to cool
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to room temperature. The XRF intensities collected from the B were comparsd 0 the 4

and C disks.

In conclusion, the sample types and quantities required for each compesition point

are delineated in Table VII.
Table VII. Samples Specifications
Sample Type Waste Form Number &/or Weignt (in Acalvsis
Waste dms) of Samples
XRFDisks © 40 mm dia. disk 4 (~120 g toal) XRF

TCLP Forms 9 mm X9.5mm 30 pellets (~50 g total) TCLP
pellets _ : .

TCLP Forms 9 mm X 9.5 mm ~25¢ PCT. QCA,
pellets - redox

TCLP Forms 9 mm X 9.5 mm ~10g XRD
pellets

TCLP Forms 9 mm X 9.5 mm : variable : Archive
pellets

Glass Analvsis

Qualitative Chemical Analysis By Wet Chemical Metho&s
‘The elemental composition of six of the glasses was determined by Coming Environmental
Laboratory Services (CELs) of Corning, New York. Analysis by CELs ~used hot HF

~dissolution for determination of NayO; cold HF dissolution for determination of B,Os;

and alkali fusion dissolution for determination of the remainder of the oxides. After
digestion, the digestate was analyzed by flame emission spectroscopy tor Na20 and
ICPES for the balancc_a of the oxides. Additonally, instrument calibration was carried out
with standards with compositions individually wilored to be similar to the diges:ate to be
analyzed. This procedure, calle.d calibration with matrix matched st;iﬁdaf*“. providéd

greater analytical accuracy.



. Qualirative Chemical Analysis By XRF

' The XRF analysis of the disks was performed at WSRC with a Rigaku Model 3271
wavelength-dispersive XRF spectrometer using 30 mm sample apertures and the
instrument conditions listed in Table VIII. All of the disks were initially analyzed just for
intensity data. The next phase was to pick which glasses would be included in the XRF
study. This determination was based on a comparison of the intensity darta. If all the
elemental intensities for disks A, C, and D ;x/ere statistically the same, the glass was
deemed to be homogeneous. The intehsity data were also used to compare the devitrified
B disk with the A and C disks of the same set to determine if devitrification would impact

XRF analysis of the elemental composition. The data from this study appear in Table X1

Table VIII. XRF Instrument Parameters2

Element Line Crysal Detector® Angle, 26 Collimator
B Ky RX70P " pC 50.060 -~ - Coarse
NaK, RX35C PC 26.175 Coarse
AlKy PET _ PC 144.965 Coarse
SiKq RX4d PC 144.650 _ Coarse
Ca Ky LiF(200) PC 113.200 Coarse

“FeKq LiF(200) PC . 57.570 " Coarse
NiK, LiF(200) PC . 48705 Coarse

" Bal, LiF(200) PC 87.350 Fine

PbL, LiF(200) SC 33.965 Coarse

aAll elements were analyzed at SQkV, S0mA under vacuum.
b160 A Mo-B4C multilayer crystal.
C60 A W-Si multilayer crystal.
- d45 A W-Si multilayer crystal: -
€PC = Flow Proportional Counter; SC = Scintillation Counter.
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Next, the six samples analyzed by CELs were usad as XRF analysis standards, with
the Rigaku fundamental parameters (FP) program, to predic-t the elemental composition of
the entire space. This was accomplished by using only the A disk from each of the disk
sets that were determined to be homogeneous and running them in the XRF. Seven runs
were made once with each of the six individual standards; and, then a last time using all six
of the standards. After each of the ruos, the elemental composition of each poiat in the
entire compositional space was calculated using the FP program. The B,O5 content was
determined by difference due to the difficulty in quantifying such a low atomic aumber

element on the XRF. .

Toxicitv Characteristic [ eachine Procedure Analvsis

TCLP was performed on the constant surface area TCLP pellets at the
Westinghouse Savannah River Company (WSRC). The data from this analvsis are

presented in graphical form in Appendix B in Tables B-III through B-X and in Tabie B-I.

Product Consistencv Test Analvsis-

PCT analysis (Jantzen et al., 1987) was performed using the glass samples originally
cast into TCLP pellets and then turther milled to the size appropriate for this test. A brief
description of the test follows. Crushed glass of 100-200 mesh was immersed in ASTM

_Type I water for 7 days at 90°C. "I'he volume of solution was 10 mL/g of washed glass.
The leachate was filtered to remove colloidal and/or particulate material. The leachates
.were then apalyzed to determine pH and elemental composition. .The release of an
elemc;,nt normalized by the weight ﬁaction‘presence of the element in the composition is
given by equation (3) in mg/L of glass in the leachate.

Ci

NRi = = :
Fi : - . : (3)




where NR; is the normalized release of the ith element in mg/L,

C; = the concentration of the element in the leachate in mg’L, and

F; the weight fraction of the element in the glass.
In this thesis, NR; is reported as the logjg NR. It should be noted that normalized

release can be reported in several different units (Jantzen ez al., 1987).

Iron Redox Analvsis

This analysis was performed by WSRC using a colorimewic method developed by

Baumann (Baumann, 1987). The data from this analysis are located in Table A-XXKI.

X-Rav Diffraction Analvsis

The XRD analysis for crystallinity in a selection of the -glasses within the
compositional space was performed at Clemson University with an XDS 2000 made by

Scintag, Inc., of Sunnyvale, CA. using a side window x-ray tube with a nitrogen cooled

" scintillation detector. Comments on this preliminary swudy are located in in the Appendix

in Table A-XXXII.
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CHAPTER V
RESULTS

This chapter presents the results from the laboratory studies conducted to determine
if XRF can be effectively utilized as a process control tool for the elemental analvsis of

waste glass. The results from TCLP, PCT; and redox are also included.

Qualitative Chemical Analvsis by Wet Chemical Methods

The QCA as determined by wet chemical analysis by CELs for glasses 2MMM and 2HHH
are compared with the target compositions in Table IX. The compositions of all the

glasses are given in the Appendix in Table A-III.

Table IX. CELs Analysis versus :I‘argét for Elemental Cdrnposition

CELs Target  Difference . CELs Target  Difference
2MMM (Wt%) (Wt%)  (We%) | 2HHH (Wt%) (Wt%)  (Wi%)
Al, 05 7.71 7.30 0.41 AlLO; 1480  14.38 0.42
B,04 431 4.60 0.29 B,0; 8.30 8.84. 0.54
BaO 4.48 4.50 0.02 BaO 4.30 4.33 0.03
Ca0 12.10 12.40 0.30 Ca0 7.77 7.91 0.14
Fe,0; 4.85 4.70 0.05 Fe,03  4.74 451 023
Na,0  13:70 13.70 0.00 Na,0 17.60 17.49 0.11
_NiO 2.19 2.20 0.01 NiO 2.07 2.11 0.04
PbO 3.17 3.30 0.23 PbO 2.97 3.1 018
Si0, . 46.80 47.30 0.50 Si0, 36.50 37.28 0.78
- Total 99.31  100.00 Total  99.05  100.00

Determination of Glass Homogeneitv bv XRF
Prior to the determination of the elemental composition of each glass with XRF, an
experiment was carried out to determine if all the samples produced from a given melt

were similar. This was especially important because the quantitative wet chemical analysis
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was performed on the TCLP pellets while the XRF was performed on Disk A. If the melt
wa's not homogeneous, the TCLP pellets may have a different corn'position from the XRF
disks. This test of homogeneity was carried out by comparing the elemental intensities for
each disk prepared for a given glass. Disks A, C and D were compared. Disk B was
reheated to promote devitrification and was not used in this comparison.

After determining the XRF elemental intensities for each disk, the resuits were
compared sutistically to determine if they‘were similar. Any significant variation in
clemental intensity for a given set of disks would signify that the melt might not be
homogeneous. .‘Table X shows the relative standard deviation in percent for the three
elemental intensity values from disks A, C and D.

All of the glasses in Table X had RSDs of less than 1%, also reported by .Resce
(Resce et al, 1994). A value of 0.3% RSD was used as the maximum value to judge if the
homogeneity of the glass was acceptable. "i‘he RSDs of most of the glass.es measured in
the tenths to hundredths of a percent. ’i’he glasses failing the homogeneity criteria were
1HHO, 3LHO, 4HOO, 4LHO, 6LHH, 6HOH, and 6HHH (not shown). Glasses missing
from this table had cracked disks and could not be evaluated.

The error associated with XRF will be assumed to be a combination of the relative
standard deviation of the A, C, and D for each of the elements for each of the glasses in
the compositional space and the relative standard deviation associated with XRF precision.

- The XRF precision was determined by running one glass samplé thirty ‘times over an eight
hour period. The resultant total error is the square root of the sum of the squares of these

two individual errors. The results of this calculation are presented in Table XI.

Effect of Devitrification on XRF Intensities

An experiment performed to determine if devitrification impacts x-ray intensitiés.
The B disks were reheated to promote devitrification by reheating at 450°C for 12 hours.

The intensities from this disk were compared to the intensities from the-two other disks

- B LT e e L A e R L, w0,



Table X. Relative Standard Deviations of Elemental Intensities Som
the Three Glass Disks to Determine Homogeneity

(in percent RSD)

Na Pb Ni Fe Ba Ca Si Al
1LOO 1.738  0.907 0.121 0.551 0852 0.637 0.63+  1.468
1HOO  0.103 0.229 0.033 0.224 0266 0.166 0.139 0.346
1LHO  0.140 0.102 0.022 0.115 0.040 0.003 0.050 . 0.081
1HHO  1.448 0.043 0.069 0.037 0.125 0.107 0.383 0.490
1LHH 0.172 0.178 0.064 0.040 0.198 0.116 0.231  0.034
2LO0  0.744  0.344  0.029 0.047 0.040 0.045 0.045 1.746
2HOO  1.527 0245 0.096 0.232 0.086 0.069 0.265  1.824
2LHO 0.313 0.180 0.040 0.127 0.165 0.083 0.13%+  0.329
2HHO  0.875 0.104 0.043 0.197 0.123 0.058 0.140 2.857
2LOH  0.492 0.467 0232 1.607 0212 0.148 0.139  0.591
2HOH  0.98 0.351. 0.137 0.061 0.213 0.205 0.243  0.234
2LHH  0.508 0.269 0.071 0.178 °0.122 0.071 0.195 0.050

" 2HHH  0.446 0.355 0.096 0.006 0256 0.119 0.238  0.129
3LOO 1.716 0.536 3.376 0.458 0.316 0243 0.430  0.485

3HOO 0.516 0.290 0.653 0.390 0433 0.159. 0.685 1.035
3LHO 1.033  1.199  6.932 1.007 0.357 0.481 0.8332 0.781
3HHO 0.171 . 0.286 1464 0.143 0.071 0.027  0.068 0.238
'3LHH 0.866  0.221 3.557 0599 0932 0.212  0.699  0.567
3HHH 0.665 0.650 4.086 0.706 0.836 0.393 - 1.583 0.450
41.00 0.228 0.671 2207 0.311 0.064 0.158  0.306 0.845
4HHO 0.816 0.410 1.099 0.143 0.242 0.134 0.787  0.227
6LOH 0.045 2177 2547 0.158 0.378  0.258 0.323 0.074
6LHH . 1376 2.077 8305 3456 0.666  0.723 1.790 1.603
MID1 0929 0.162 0.036 0.039 0.100 0.011 0.215 0.121
MID2 1.142 0.065 0.095 0.120 0.123 0.073 0.278  0.180
~-MID3 0322 0573 0.082 0.088 - 0.070 0.071 0.230  0.153
- MMOO 0.458 0.232 0.034 0.093 0.086 0.087 0.190 1.334
MMHO 0478 0.164 0.132 0.043 0.133  0.049 0.178 0.271
1,2MMH 0.190 0.518 0.062 0.115 0.093  0.069 0.268 0.121
2MMM  0.132 0.206 0.058 0.281 0.044  0.083 0.235  0.102
4AMMM  0.424 0.627 2514 0.832 0.128 0.250 0.5393 -0.039
3MMM  0.193 0.372 2148 0.097 0.205 0.040 0472  0.221
_2HHOZ 0.339 0.120 0.036 0.137 0.722 0.124 0.385  0.297
2LOHZ 0.434 0.707 0.177 0.069 0.083  0.119 0.269 0.144
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Table XI. Error Associated with Fundamental Parameter in Weight Percentages

w

Na Pb Ni Fe Ba Ca Si Al

Error - 0.752 0.451 1.149 0356 0.258 0.165 0411 0.572
Disks '
‘Precision  0.280 0.164 0.015 0.050 0350 0.210 0.050 0.190
Error :

Total 0.802 0.480 1.149. 0435 0435 0267 0.414° 0.603

Error

e e - - e ————————— ~ - g ——r———— — + - . et e e e e =
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which were not reheated. [t was assumed that Disk B had a greater extent of
devitrification than the other two, therefore, any difference in intensities would reflect the _
effect of reheating. The values in the table were calculated as follows. The A&C value
was determined by subtracting the A disk XRF intensity from the C disk intensity and
dividing the result by the A intensity. This result is reported as a percentage difference in
the x-ray intensities between the two disks of the same set for that element. The A&C to
B value was determined by dividing the average of the A and C intensities minus the B
intensity by the average of the A and C intensities. This result is reported as a percentage.
This provides a measure of how different the XRF intensities from the devitrified B disks
were from the XRF intensities of the A and C disks. The results from this exi:eriinent are
reported in Table XIL. “

The table shows that a difference in the XRF intensities due to deviwmification is a
consideration for most of the glasses. Thc; 1-Space glasses, extrémely low Si glasses,
produced the leas; acceptable results from this experiment. The glasses missing from this

table had either all cracked disks or a cracked B disk and could not be evaluated.

QCA by XRF from Fundamental Parameters (FP) \

The XRF FP analysis was performed on all 43 glasses L;sing two different standards.
The first analysis utilized the low iron 2MMM gléss standard and the secox;d utilized the
;ﬁgh iron 3MMM glass standard. Disk A from each of the 43 glasses was tested. The
results are presented in the Appendix in Tables A-IV and A-V. The determination of how
well these results correlated with the analysis by wet chemical methods followed by
ICPES and/or AA (hereinafter referred to as ICP) is presented here. Six glasses were
exgmined. These 6 glasses analyze‘d by CELs are summarizeéd in Table XIII. Tables XIV
and XV present the results of a comparison of the CELs analysis with the XRF

fundamental parameters analysis.

[T PR ——— —— e e e e
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Table XII. Effect of Devitrification on Elemental Intensities
(in Percent Difference) '

Si

) R 2

o

| —————

Giass Disks Na Pb Ni Fe . Ba Ca Al

1ILOO A&C 0.50 -1.58 -0.25 -0.78 -2.15 1.18 1.10 -2.64

A&C o B -t.13 -0.56 043 -039 ‘094 1.21 024 -1.12

THOO Ad&C 0.21 0.55 0.07 -0.01 0.58 -0.25 0.23 0.66

A&Cw B -8.28 1443 -1.06- -275 1.10 -1.99 -1.17 1.88

ILHO A&C -0.34 0.19 0.05 -0.10 0.03 0.00 0.10 -0.20

A&C w0 B -11.01 2941 339 977 462 -546 -5.63 1.86

IHHO A&C -0.15 -0.15 -0.06 -0.08 -0.24 -002 -0.08 -0.20

A&C 0B -7.18 957 344 -475 300 -2091 -5.08 1.86

2LO0 A4&C 1.36 .-0.11 -0.07 -0.08 -0.06 0.01 -0.11 -0.46

A&C o B -1.97 -0.22 1.51 -0.67 -1.68 1.21 0.59 1.39

2HOO A4&C . -0.38 -0.57 0.03 0.05 0.11 -0.07 -0.08 -2.26

A&C w0 B -0.07 -0.04 -0.08 -0.04 0.24 -0.09 -0.01° -0.20

2LHO A&C -0.63 044 0.08 -023 0.20- -0.13 -0.36 -033

A&C o B -0.13 0.07 -0.06 -0.02 -0.02 0.00 -0.88 0.12

2HHO A&C -1.74 -0.15 -0.03 -046 -0.11 -0.14 -0.28 5.82

A&Cro B 0.91 0.16 -0.04 021 0.01 -0.05 -0.02 3.47

2LOH 44&C 0.71 -1.08 -0.49 3.76 034 -0.10 -0.30 -1.32

A&Cro B ~0.14 002 -0.22 -066 -0.24 -0.11 0.56 0.05

2HOH 4&C -1.95 0.59- -0.02 -0.13 -042 -048 -040 -0.51

’ A&C o B 1.05 0.68 -0.14 -0.11 -0.13 0.10 0.65 0.01

2LHH A&C 0.43 0.36 0.07 0.34 -0.17 -0.07 -0.10 -0.08

A&C o B -0.74 0.11 -0.11 -0.08 028 -0.02 -0.28 0.33

3LO0 A&C -0.95 -1.66 6.76 0.71 032 -026 -0.63 -0.10

A&C o B -5.71 0.62 -2.07 -027 038 -0.18 -198 -298

3HOO 4<&C . -0.99 0.66 0.64 0.58 . 0.37 004 -137 -1.49

A&_C r0oB 0.97 0.87 -0.96 027 0.04 0.39 -=0.05 0.93

S3LHO A4&C -2.41  -3.05 15.00 1.70 -0.70 -1.04 -125 -1.76

-7 A&C o B -0.28 '1.80 -883 -0.73 0.1 039 -0.08 -0.78

SHHO. A&C -0.34 057 -297 -0.29 0.14 0.05 -0.14 0.48

A&C w0 B -0.52 417 -2.07 -141 768 -292 -3.24 3.79

3 A&C 621 -085 8.52 0.60 -1.62 0.00 0.00 0.00

A&C o B -2.76 0.47 3.27 1.24 0.02 1.02 0.45 0.23

- 4L00 A&C 0.55 0.32 1.50 0.15 0.10 020 -0.75 0.67

C A&C 0o B 1.24 039 -047 0.06 -033 -0.10 -0.59 -0.15

4HOO A&C 224 -487 -327 -1.25 -0.13 -1.39 3.22 2.84

) A&C o B 599 -086 0.96 048 1.40 0.33 2.12 2.66
4LHO A&C 2.2 487 -3.27 -1.25 -0:13 -1.39 3.22 2.84°

A&C o B 599 -0.86 0.96 048 140 0.33 2.12 2.66

4HHO A&C 1.18 035 234 034 0.14 . 0.06 -190 -0.5lI

A&Cra B -2.27 1.02 1.25 0.05 027 -023 -0.07 -1.67



Table XII. (Continued)

Glass Disks Na Pb Ni Fe Ba Cd Si Al

6LOH A&C 0.09 -445 -5723 032 0.75 0.52 0.64 0:15
A&Cro B -9.91 5.11 -401 1025 0.04 0.55 3.32 031

6HOH A&C 0.56 -326 -046 -223 0385 1.11 1.58 1.64
A&C o B -2.28 -4.02 027 0.65 031 0.28 2.12 2.94

6LHH A&C 2.91 3.93 -16.52  -601 1.44 1.55 .2.55 2.89
A&C o B -2.27 -1.68 7.04 3.09 -0.43 -0.67 -0.79- 271

6HHH A&C 0.60 0.75 -2:02 -0.12 -0.11 -020 -0.55 0.05
A&C o B -3.13 0.75 -0.21 042 0235 0.15 0.62 . 3.70

MID1} A&C 1.21 -0.07 0.0s 0.02 -0.07 -0.02 -0.16 -0.16
A&C 0B -984 138 033 039 782 -3.01 -470 -7.83

MID2 A&C 1.85 -0.13 -0.21 0.08 0.14 - 0.04 -0.09 -0.28
A&C o B -6.97 568 0.17 064 939 -3.16 -5.13 .-8.58

MID3 A&C -0.31 - 0.89 -0.19 -0.15 -0.17 -0.16 -042 -0.20
A&CroB ~ -1.47 -0.10 0.52 0.13 0.19 -0.06 0.9 -0.76

MMQOO A&C -1.07 033 -0.06 -0.17 -0.03 0.18 -0.23 1.74
A&C io B 0.58 024 0.08 0.04 -0.05 -0.06 -0.50 1.69

MMHO A&C -0.94 040 0.27 0.02 -0.17 -0.10 -0.39 0.44
A&C ro B -031 -028 0.27 -0.06 0.05 004 046 -1.87

1,2MMH A&C 0.39 0.71 -0.17 -0.18 -0.17 -0.05 -0.71 0.05
. A&C o B -0.32 -1.55 -0.03 0.20 0.15 0.1"7 027 -0.02
2ZMMM  A&C 0.18 025 -007 -057 0.07 -0.19 0.12 -001
A&C 1o B -0.02 0.00 0.12 -0.03 0.09 0.02 0.59 0.05

4MMM  A&C -0.09 0.69 0.12 -0.28 -0.01 0.14 -0.79 0.07
A&C to B 336 -0.27 -0.52 -023 -0.12 -0.17 -0.41 -0.90

2HHOZ A&C . 0.78 027 -0.09 -002 -1.51 -030 033 -063
A&C o B -0.12 -0.01 0.22 -0.02 0.88 0.05 0.65 0.10

2LOHZ A&C 0.78 044 -0.34 0.00 0.0t 0.14 '0.02 -0.06
A&C to B -0.29 -1.48 0.14 0.07 0.29 0.20 0.06

0.07



Table XIII. CELs Analysis of the CELs Glasses (in wt%)

2MMM 2HHH MID1 MMHO 1,2MMH 3MMM
Al,O5 7.71 14.80 -6.77 1.18 14.50 8.11
B,04 4.31 8.30 2.83 6.32 3.54 2.02
BaO 4.48 4.30 3.98 4.19 4.29 3.41
Ca0 12.10 1.77 12.80 13.80 15.50 12.70
Fe,04 4.85 4.74 20.10 19.90 4.80 32.00
Na,O 13.70 17.60 14.80 15.30 17.90 15.10
NiO 2.19 2.07 1.90 2.00 2.07 1.65
PbO 3.17 2.97 2.77 2.93 2.89 2.37
SiO, 46.80 36.50 31.40 34.20 32.50 2090 °

O,
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Table XIV. Comparison of the CELs Analysis with Fundamental Parameters
Analysis. The 3MMM standard is used in the analysis of the six
CELs Giasses. The values are in oxide weight %.

Na;0 AlLO; BaO Ca0 Fe,03 NiO PbO Si0; B,03
2MMM
FP 13.87 7.68 445 12.08 508 226 3.23 46.52  3.09
CELs 13.70 7.71 448 12.10 4385 219 3.17 4680 431
Difference 0.17 (0.03) (0.03) (0.02) 0.23 0.07 0.06 (0.28) (1.22)
SMMM '
FP 15.14  8.14 342 1280 3226 1.67 240 21.18 1.25
CELs 15.10 8.11 "3.41 1270 3200 1.65. 237 2090 202
Difference 0.04 0.03 .01 0.10 0.26 0.02 0.03 0.28 0.77
1,2MMH . ’ .
FP 17.89 14.69 429 1565 509 217 297 3275 -278
CELs 1790 14.50 29 1550 4.80 207 289 3250 3.54
Difference (0.01) -0.19 0.0 0.15 0.29 0.10 0.08 025 0.76
MMHO '
FP 15.37 1.18 418 13.78 20.15 204 296 3407 4.54
CELs 15.30 1.18 4.19 13.80 1990 200 293 3420 6.32
Difference 0.07 0.0 (0.01) (0.02) 0.25 0.04 0.03 (0.13) (1.78)
MID1
FP 14.73 6.88 403 13.05 2090 199 285 31.97 1.86
CELs 14.80 6.77 3.98 12.80 20.10 1.90 277 3140 2.83
Difference (0.07) 0.11 0.05 0.25 0.80 0.09 0.08 0.57 0.97
2HHH . ..
FP 17.68 14.76 4.36 7.84 504 218 3.08 3674 6.60
CELs 17.60 14.80 4.30 777 474 2.07 297 3650 8.30
Difference 0.08 (0.04) 0.06 0.07 030 0.11 0.11 0.24 1.70

~ The parentheses around the Dzﬂ‘erence value indicates that the CELs value was larger
“than the FP value.
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Table XV. Comparison of the CELs Analysis with Fundamental Parameters
Analysis. The 2MMM standard is used in the analysis of the six
CELs Glasses. The values are in oxide weight %.

Na,0 AlLO; BaO CaO Fe,O; NiO PbO SiO, B,O;

2MMM

FP 13.71 © 774 450 1215 4.89 2.20 3.19 47.08 3.84
CELs 13.70 7.71 448 1210 4.85 219 3.17 46.80 4.31
Difference 0.01 0.03 0.02 0.05 0.04 0.01 0.02 0.28 0.47
3MMM .

FP 14.77 7.95 . 3.40 12.53 3029 1.56 2.27 20.36 5.91
CELs 15.10 8.11 3.41 12.70 32.00 1.65 2.37 20.90 2.02
Difference (0.33) (0.16) (0.01) (0.17) (1.71) (0.09) (0.10) (0.54) 3.89
-1,2MMH '

FP = 17.85 14.64 433 1570 4.86 2.11 294 3276 -4.12
CELs 17.90 1450 429 1550 4.80 2.07 2.89 3250 5.55
Difference (0.05) 0.14 0.04 0.20 0.06 0.04 0.05 0.26 (1.43)
MMHO i

FP 15.18 1.17 417 13.67 19.17 1.94 2.87 33.87 7.78
CELs 15.30 1.18 4.19  13.80 19.90 2.00 2.93 34.20 6.50

Difference (0.12) (0.01) (0.02) (0.13) (0.13) (0.06) (0.04) (0.33)  0.77
MID1

FP 1457 677 4.03 1295 19.91 190 2.78 31.67 4.74
CELs 1480 6.77 3.98 12.80 20.10 1.90 277 3140  5.48
Difference (0.23) 0.00 0.05 0.15 (0.15) 0.00 0.01 0.27 (0.74)
2HHH :

FP 17.55 1478 437 7.83 483 211 3.04 3675  8.06
CELs 17.60 14.80 430 777 474 .2.07 297 3650  9.25
Difference (0.05) (0.02) 0.07 0.06 0.09 0.04 0.07 025 (1.19

_ The parentheses around the Difference value indicates that the CELs value was larger
— than the FP value. Co
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Because the XRF analysis was based on these glasses, for convenience, the six g!assés
analyzed by CELs were grouped together and defined as the CELs Glasses. These
glasses appear in Table XIII. Two cases are presented with the first using the high iron
3MMM standard with fundamental parameters to predict the CELs Glasses and the
second using the low iron 2MMM standard with fundamental parameters to predict, the
CELs Glasses. As an example, the first section of Table XIV showé the prediction for the_
2MMM glass using fundamental pararneters' with the 3MMM standard. The first line
contains the FP evaluated elemental weight percent data and the second line contains the
CELs clemental weight percent data of this glass. The third line reflects the ditference
between the weight percents from FP and CELs. A

In most cases there is a very small difference between the FP elemental weight
percentages and the CELs elemental weight percentages. The results appear in Tables
XIV and XV. . ‘ ‘

The results from the following topics appear in the associated appendices; Toxicity
Characteristic Leaching Procedure (TCLP)—Appendix in B; Product Consistency Test
(PCT)—Appendix C; Iron Redox Analysis—Appendix D; X-Ray Diffraction Analysis—

Appendix E; and Glass Sampling from the Pilot-Scale Melter—Appendix F.
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CHAPTER VI
DISCUSSION

This chapter discusses the results from the laboratory studies conducted to
determine if XRF can be effectively utilized as a process control tool for the elgmental
analysis of waste glass. Also included is a discussion of the results from QCA, TCLP,

PCT, and redox tests.

: Oualitétive Chemical Analysis by Wet Chemical M;ethods

Because of the extensive 1.15e of AA/ICPES as an analysis tool in indus;r)'/,, the
pfocess is very well characferized and understood (Ryan and Radford, 1987). Also, these
ICP results were obtained from CELs. Effort was made by CELs to ensure that the wet
chemistry analysis was as accurate as possible as it was the basis for evaluating the
performance of the XRF FP program. The analyses were performed using matrix-matched
standards to obtain the most accurate results by eliminating as man’y matrix effects as
possible. One measure of the accuracy of an ICP analysis is how close the sum of the
individual elemental wEight percentages approaches 100.wt%. Half of the CELs analyses

performed totaled in excess of 99 wt% for the sum of the weight percentages of the

_~elemental compositions and all of the analyses totaled above 97 wt%.

The main goal of the thesis was to determine if XRF could be used as. a process
control tool using FP calculated eleﬁentﬂ composition. The XRF FP results were
compared to ICP analysis of the same glasses.

The error in precision associated with ICP is assumed to be +/- 1.5 percent (Ryan

and Radford, 1987).
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Determination of Glass Homogeneitv bv XRF

Glass homogeneity was one of the prerequisites of this research. As previously
described, analytical accuracy of XRF results is very dependent on sample homogeneity.
In order to evaluate this concem, an experiment was carried out to determine if all the
samples produced from a given melt were similar. This was especially important because
the quantitative wet chemical analysis was performed on the TCLP pellets whilé: the XRF
was performed on Disk A. XRF Disks A and B were cast first and then after reheat time,
the TCLP pellets were cast. If the melt was not homogeneous, the TCLP pellets which
were poured in the second casting could have a different composition from the XRF disks.
This test of homogeneity was carried out by comparing the elemental intepsities for disks
which were cast before and after- the TCLP pelleté. Disks A, C, and D were compared.

After determining the elemental intensities for each disk, the results were compared
statistically to determine if they were sin;ilar. Any significant ‘;ariation in elemental
intensity for a given set of disks would signify that the melt was probably not
homogeneous. Table X of Chapter V shows the relative standard deéia’tion‘in percent for
the three elemental intensity values from Disks A, C, and D.

In this thesis, a 1% RSD was considered to be Vgood. All of the compositional'space
glasses had RSDs of less than 1%. To remain on the conservative side, a value of 0.3%

RSD was chosen as the maximum value to judge if the homogeneity of the glass was

acceptable. Of the 43 glasses, the nine which failed the homogeneity criteria-were 1HHO,
3LHO, 4HOO, 4LHO, SHOO, 6HOO, 6LHH, 6HOH, and 6HHH. Several other glasses
were not included because their disks broke. Approximately‘ 67% of the original
compositional space glasses were judged adequate by the criteria of homogeneity. One
conclusions may be drawn from this section. This conclusion is that the majority of the

glasses in the compositional space were homogeneous.




Effect of Devitrification on XRF Intensities

The XRF FP method of quantifying elemental composition. assumes that the glass
samples have little or no crystallinity. However, depending upon the cooling rate, many
waste glasses are subject to devit;'iﬁcation. An effort has been made, therefore; to
determine what effect devitrification has on XRF intensities. It-was decided to reheat one
disk of each set as described in the experimental procedures in Chapter IV in order to
promote devitrification. The intensities from this disk were then compared to the other
disks. Table XII of Chapter V contains the results of this experiment.

An inspection of the datz; was performed; comparing the A&C data with the
associated A&C fo B data. If the A&C to B data was in excess of 4% greater than the

'A-&C data then reheating-was assumed to have had an effect 6[1 the elemental XRF
intensities. The table suggests that reheating does effect the XRF intensities of most of the
glasses, with the exception that there was no affect on the 2-Space glasses. “This may have
been due to the fact that the 2-Space glasses did not devitrify upon reheating. Although
the elemental interactions in the melt are much more complex, the'ﬁegative impact of
devitrification approximately followed the Ca/Na’levels in the glass. Reheating the 1-
Space glasses appeared to have the greatest effect on XRF intensities. As a subspace, they
were extremely low Si and high Ca/Na glasses that probably would not be deliberately

__ produced in a vitrification _pperatjon. At the other end of the spectrum, the 2-Space

B glasses with lower Ca/Na levels and the highest Si levels had the least p;:oblems with
devit'riﬁca'ti{)n in this experiment. The 4-Space and then the 3-Space, respectively, were
the next two spaces least effected by devitrification. In conclusion, the XRF intensities are
affected when the sample is reheated for 8 hours at 600°C. Thus it appears that
devitrification does affect XRF analysis. It would be of interest to perform XRD on the

reheated sainples to further support this conclusion.



QCA bv XRF trom Fundamental Parameters

Tables XIV and XV present the results of a comparison of the CELs .analysis with
the XRF FP analysis. The specific glasses included are reported in Table XIII. Two cases
are presented with the first using the 3MMM standard with FP to predict the CELs
Glasses and the second using the 2MMM standard with FP to 'prediet the CELs Glasses.
As an example, the first section of this table shows the prediction for the 2MMM glass
with the 3MMM standard. The -first row contains the FP data and the second row
contains the CELs analysis data of this glass. The third row reflects the difference
between the weight percents from FP and CELs. B,0O3 composition for each glas_s, was
determined by difference. .

Tables XIV and XV show that in most cases there is a very small difference between
the FP and the CELs values for the oxide weight percentages. These differences are
within experimental error. The conclusion to be made from these data is that XRF FP
does correlate with the elemental comPositions as determined by ICP (CELs) over the

s

entire range of the composition space.

Comparison of the Use of Two
Standards with FP ’

This section provides additional evidence to support the main objective of this
tesearch that XRF can be effectively utilized as a process control tool for the elemental
analysis of waste glass. The statistical correlation between the XRF FP results and the
wet chemical analysis by CELs (specifically ICP) is examined in this section. This
correlation meets the requirements of the third experimental objective.

Two cases were considered to evaluate FP for predlctlon of the composmon of the
olasses The first case uses the single standard 3MMM to predict the CELs Glasses. In
the next case, the 2MMM standard was used to predict the CELs Glasses.- Both of the
cases were then compared. In each case, linear regression was used to fit-the data. The

linear regression best fit line was forced through the origin. The slope, R2 value, and the
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standard error are recorded in Table X VI for each of the cases. The ideal line would have
a slope of one. If the data points were to fall on this line, it would indicate that the XRF
FP value for the associated point was exactly equal to the wet chemistry QCA value.
Deviation would indicate that XRF did not predict the elemental composition. The line of
data labeled “Difference” reflects the absolute difference between the ideal slope and the
. slope from the linear regression data fit. The data in this table shows that the XRF FP
program does an excellent job of predicting'the elemental compositions of the samples.
For the 3MMM standard predicting the CELs Glasses, discounting the I§203 which was
evaluated by difference, all the rest of the oxides were predicted with regressed slopes
that match the ideal s,lopé to the second or third decimal place. The associated‘R2 and
standard errors support‘ tfxe conclusion that the’ XRF FP prediction matches the ICP
analysis. Overall, the XRF FP analysis with the 2MMM standard does not correlate with
the ICP results as well as the 3MMM staddard predictions. The 3MMM standard may
have done a slightly better job because the iron content of the standard was higher than
that of the glasses being analyzed (Criss,. 1994; Jurgensen, 1994).' The conclusion
remains, however, that XRF with a FP program 'can be used very sumhlly to analyze
waste glass.
Discussion of the results from the following topics appear in the associated
appendices; Toxicity Characteristic Leaching Procedure Analysis—Appendix B; Prodqct
- Consistency Test Analysis—Appendix C; Iron Redox Analysis—Appendix D; X-Ray
Diffraction Analysis—Appendix E; Glass S_ampling'from a Pilot-Scale Melter—Appendix
F; and Miscellaneous—Appendix G.
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Table XVI. Linear Regression Analysis of the CELs Glasses. Linear regression
was used to fit the data from the analyses using the MMM
standard and the 2MMM standard to ICP analysis.

Na,O ALO; BaO CaO Fe,O; NiO PbO  SiO, B,04
3MMM standard predicting the CELs Glasses
Slope 1.0028 1.0048 1.0027 1.0070 1.0180 1.0360 1.0230 1.0030 1.0650
Difference 0.0028 0.0048 0.0027 0.0070 0.0180 0.0360 0.0230 0.0030 0.0650
R2 0.9907 0.9997 0.9902 0.9908 0.9909 0.9709 0.9809 0.9980 0.8809
Std Error  0.0803 0.0871  0.0304 0.1002 0.2807 0.0301 0.0300 0.3310. 0.6500
2MMM standard predicting the CELs Glasses
Slope 0.992 1.0012 1.0061 1.0023 0.9620 0.9970 1.00096 1.0030 1.1140
Difference 0.008 0.0012 ~0.0061 0.0023 0.0380 0.0030 0.00004 0.0030 0.1140
R2 0.994 0.9997 0.9921 0.9970 0.9990 0.9410 0.9600 0.9989 0.2206

Std Error_ 0.131  0.0906  0.0351 0.1408 0.3809 0.0506 0.0603 0.270971.9105




CHAPTER VII
CONCLUSIONS

The purpose of this study was to investigate x-ray fluorescence spectrometry
analysis as a near real-time method to determine melter giass compositions. This project
formulated and produced a range of glasses derived from wastewater treatmeat sludges
associated with DOE sites.

Several analysis methods were applied tG the investigation in order to obtain the
necessary information for accomplishing the research objectives. Inductively "'co'-upled

. plasma emission spectrometry/atomic absorption was used to determine the éleméntal
composition of the glasses. X-ray fluorescence spectrometry was also used to determine
the elemental compositions of the glasses in order to make a comparison between these
two methods. The toxicity characteristic leaching procedure and product consisiency test
were used to evaluate leaching for the glasses. X-ray diffraction and microscopy were
used to characterize any crystallinity associated with the glasses. Redox was performed to
characterize the redox state of the glasses. The data collected using tﬁese methods of

analysis enabled the researcher to reach several conclusions with respect to the purpose of

the investigation and the defined research objectives.

1. A rapid method was developed to sample molten glass and make disks for XRF
. spectrometric elemental analysis.

2. A significant decrease in compositional analysis time through the use of XRF
spectrometry versus digestion with AA/ICPES analysis was demonstrated.

3. Good correlation was demonstrated between _conventional wet chemistry
digestion with AA/ICPES analysis with XRF analysis of the waste glasses.

4. A procedure was developed for making consistent constant surface area waste
glass forms appropriate for Toxic Characteristic Leaching Procedure (TCLP)
testing. "

5. The lez'iching behavior of the glasses was evaluated with TCLP and PCT.

e e v e~
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CHAPTER VIII
RECOMMENDATIONS

The following recommendations are submitted as suggestions for areas- of further

study:

1. Further determine what effect devitrification has on XRF analysis in order to

more completely evaluate the impact of devitification on elemental analysis by
XRF.

2. Model the correlation between PCT and glass composition in order to be able to
predict glass durability based on the composition. :

3. Model the correlation between TCLP and glass composition in order to be able
to predict glass durability based on the composition. :

4. Model the correlation between PCT and TCLP to comparé the results from the
two different tests and determined which method should be used to most
correctly predict the durability, of the glass. " :

5. Submit the rest of the glasses to Corning Environmental Laboratory Services for
analysis and use these analyses to expand on the results from the current study
of the compositional space with XRF. ‘ ‘

6. Demonstrate that XRF will provide satisfactory analysis on actual low-level or
mixed waste glass forms. It remains to be determined whether or not the
presence of radionuclides will adversely affect XRF analysis. -




APPENDICES
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Appendix A

Compositional Space and Fundamental Parameters Analysis
The tables in this appendix present data related to the composition of the

compositional space and data and plots related to the XRF evaluation of the compositional

space by fundamental parameters.
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Table A-I. Compositional Space (Target) - Oxides in Weight Percent
SlOz Ca0 NaZO F8203 B203 A1203 BaO NIO PbO
1LOO  389% 29.4% 163% 49% 0.0% 0.0% 47% 23% 3.4%
1LHO 33.1% 292% 16.1% 49% 64% 00% 47% 23% 3.4%
1HOO  383% 14.5% 32.0% 49% 00% 00% 4.7% 23% 3.4%
1HHO  32.6% 14.4% 31.7% 48% 63% 00%. 4.6% 22% 3.4%
2L00 58.0% 172% 9.5% 49% 0.0%. 0.0% 47% 23% 3.4%
2LHO 491% 17.0% 94% 48% 9.5% 0.0% 46% 23% 3.4%
2HOO 575%  8.5% 18.8% 49% - 0.0% 0.0% 4.7% 23% 3.4%
JHEHO  48.6%  8.4% 18.6% 4.8% 9.4% 00% 4.6% 22% 33%
3LO0.  260% 194% 10.7% 355% 0.0% 0.0% 38% 13% 2.8%
3LHO 221% 193% 10.7% 353% 43% 00% 38% 18% 2.7%
3HOO  25.7% - 9.6% 212% 352% 0.0% 0.0% 3.8% 18% 27%
SHHO  219%  9.5% 21.1% 349% 42% 0.0% 3.7% 18% 2.7%
4100 413%  9.6% S3% 353% 0.0% 00% 3.8% 18% 27%
4LHO 351%  9.6% 53% 350% 68% 00% 37% 18% 2.7%
4HOO  41.1%  4.8% 10.6% 35.1% 0.0% 00% 3.7% 18% 2.7%
4HHO  349%  48% 10.5% 348% 6.7% 0.0% 37% 18% 2.7%
1LOH 279% 27.6% 153% 4.6% 00% 148% 4.4% 22% 32%
1LHH 22.4% 274% 15.1% 4.6% 6.0% 147% 44% 2.1% 3.2%
1HOH  275% 13.6% 30.1% 4.6% 0.0% 14.6% 4.4% 2.1% 3.2%
1HHH  22.1% 13.5% 29.9% 4.5% 59% 144% 43% 2.1% 3.2%
2L.OH 459% 162% 89% 4.6% 0.0% 147% 4.4% 22% 3.2%
2LHH 376% 16.0% ° 8.8% 4.5% 895% 145% 4.4% 2.1% 3.2%
SHOH  45.5%  8.0% 17.7% 4.6% 0.0% 14.6% 44% 2.1% 3.2%
SHHH — 373%  7.9% 17.5% 4.5% 88% 144% 43% 2.1% 3.1%
3LOH 17.6% 18.4% 10.2% 33.8% 0.0% 120% 3.6% 1.8% 2.6%
3LHH 14.0% 183% 10.1% 33.6% 4.1% 11.9% 3.6% 17% 2.6%
3HOH 175%  9.1% 202% 33.4% 0.0% 11.9% 3.6% 1.7% 2.6%
C3HHH.  13.9% @ 9.1% 20.1% 33.3% 4.0% 11.8% 3.5% 17% 2.6%
— 6LOH 37.7% 12.0% 6.6% 22.0% 0.0% 13.0% 3.9% 19% 2.9%
GHOH  38.8%  63% 13.9% 19.0% 00% 132% 4.0% 19% 2.9%
6LHH 298% 11.2% 62% 247% 12% 126% 38% 18% 2.8%
~  6HHH  29.1%  5.4% 11.9% 260% 7.0% 124% 3.7% 1.8% 2.7%
MID1 32.1% 13.3% 14.7% 21.0% 3.2% 6.7% 4.0% 2.0% 2.9%
MID2 32.1% 13.3% 14.7% 21.0% 32% 6.7% 4.0% 2.0% 2.9%
3 32.1% 14.7% 21.0% 32% 6.7% 4.0% 2.0% 2.9%

13.3%
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Table A-I. (Continued)
Si0p CaO NaO Fey,03 B,0s AlL,O; BaO NiO PbO

MMOO  40.9% 14.1% 15.6% 20.1% 0.0% 0.0% 42% 21%  35.1%
MMHO  34.7% 14.0% 154% 19.9% 6.7% 00% 42% 2.0%  3.0%
2MMM  47.4% 124% 13.7% 47% 4.6% 13% 4.5% 22%  3.3%
3MMM  198% 14.1% 15.5% 34.4% 21% 59% 3.7% 18% 2.7%
MMM 337% 70% 77% 342% 33% 59% 3.7% 18% @ 2.7%
1L2MMH 33.3% 163% 17.9% 4.6% 3.7% 14.6% 4.4% 21%  3.2%
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Table A-II. Compositional Space (Target) - Oxides in Mole Percent

Si Ca Na Fe B Al Ba Ni Pb,

1LOO 42% 3%  17% 2% 0% 0% 2% 2% 1%
1LHO 36% 34% 17% 2% 6% 0% 2% 2% 1%
1HOO 42% 17% 34% 2% 0% =~ 0% 2% 2% 1%
1HHO 36% 17% 34% 2% 6% 0% 2% 2% 1%
2100 63% 20% 10% 2% 0% 0% 2% 2% 1%
2L.HO 54% 20% 10% 2% 9% 0% 2% 2% 1%
2HOO - 63% 10% 20% 2% 0% 0% 2% 2% 1%
2HHO 54% 10% 20% 2% 9% 0% 2% 2% 1%
3L00 ' 35% 28%  14% 18% 0% 0% 2% 2% 1%
3LHO 30% 28% - 14% 18% 5% 0% 2% 2% 1%
3HOO 35% 14% 28% 18% 0% 0% 2% 2% 1%
3HHO 30% 14%  28% 18% 5% 0% 2% 2% . 1%
4100 56% 14% 7% 18% 0% 0% . 2% 2% 1%
4LHO 48% 14% 7% 18% 8% 0% 2% 2% 1%
4HOO 56% 7%  14% 18% 0% 0% 2% 2% 1%
4HHO 48% 7%  14% 18% 8% 0% 2% 2% 1%
1ILOH 32% 3%  17% 2% 0% 10% . 2% 2% 1%
1LHH 26% 34% 17% 2% 6% 10% 2% 2% 1%
1HOH 32% 17% 34% 2% 0% 10% 2% 2% 1%
1HHH 26% 17% 34% 2% 6% 10% 2% 2% 1%
21.0H 53% 20% 10% 2% 0% 10% 2% 2% 1%
2LHH 44% 20% 10% 2% %% 10% 2% 2% 1%
2HOH 53% 10% 20% 2% 0% 10% 2% 2% 1%
2HHH 44% 10% 20% 2% 9% 10% 2% 2% 1%
3LOH 25% 28% 14% 18% 0% 10% 2% 2% 1%
3LHH 20% © 28% 14% 18% 5% 10% 2% 2% 1%
3HOH . 25% 149% 28% 18% 0% 10% 2% ~2% 1%
3 20% 14% . 28% 18% S% 10% 2% 2% 1%
— 4LOH 46% 14% 7% 18% 0% 10% 2% -2% 1%
4LHH 38% 14% 7% 18% 8% 10% 2% 2% 1%
4HOH 46% 7% 14% 18% 0% 10% 2% 2% 1%
~  4HHH 38% 7% 14% 18% 8% 10% 2% 2% 1%
MID1 41% 18%  18% 10% 4% 5% 2% 2% 1%
MID2 . 41% 18% 18% 10% 4% 5% 2% 2% 1%

" MID3 41% 18% 18% 10% 4% 5% 2% 2% 1%
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Table A-III. Corning Environmental Laboratories - QCA Weight Percentaoes '

versus Target Oxide Weight Percentages

MID1 CELS TGT . 2HHH CELS TGT

wit% wt% Diff wt% wt% Diff
Al,O; 6.77 6.72 0.05 |AlLO; 1480  14.38 0.42
B,0; 2.83 3.21 -0.38 [B,05 8.30 8.84 -0.54
BaO 3.98 "4.04 -0.06 |[BaO 430 433 -0.03
Ca0 12.80 13.30 -0.50 . |Ca0 7.77 7.91 -0.14
Fe,05 20.10 21.05 -0.95  [Fe,03 4.74 4.51 0.23
Na,0 14.80 14.70 0.10 [Na,O 17.60  17.49 0.11
NiO 1.90 1.97 -0.07 |NiO 2.07 2.10 -0.03
PbO 2.77 2.94 -0.17 |PbO 2.97 3.15 -0.18
Si0, 31.40 32.07 -0.67 |SiO, 3650 37.29.  l0.79
Sum 97.35 100.00 Sum 99.05 100.00
2MMM CELS — TGT MMHO .CELS TGT

wt% wt% Diff wt% wit% Diff
Al,O4 7.71 7.30 0.41 |ALO; 1.18 0.00 1.18
B,0; 431 460  -029 [B,03 632 670  -038
BaO 4.43 4.50 -0.02 [BaO 4.19 420  -0.01
Ca0 12.10 12.30 -0.20 ICa0 13.80 1400  -0.20
Fe,04 4.85 4.70 0.15 [Fe,04 19.90 . 19.90 0.00
Na,0 13.70 13.70 0.00 [Na,0 1530 1550  -0.20
NiO 2.19 12.20 -0.01 [NiO 2.00 2.00 0.00
PbO 3.17 3.30 -0.13 |PbO 2.93 3.00 -0.07
Si0, 46.80 47.40 -0.60 |Si0, 3420 3470  -0.50
Sum 99.31 100.00 Sum 99.82  100.00
12MMH  CELS TGT 3MMM CELS TGT

wt% wt% Diff . . wt% wt% Diff
Al,O4 14.50 14.60 -0.10 |AL,O; 8.11° 590 221
BaO 4.29 4.40 -0.11 |[BaO 3.41 3.70  -0.29
Ca0 15.50 16.20 -0.70 |Ca0O 12.70. 1410  -1.40
Fe,05 4.80 4.60 020 |[Fe,03 3200 3440  -2.40
Na,0 17.90 17.90 0.00 [Na,0 15.10 1550  -0.40
NiO 2.07 2.10  -0.03 |NiO 165 180  -0.15
PbO 2.89 3.20 -031 |[PbO 237 270  -033
Si0, * 32,50 33.30 -0.80 [SiO, 20.90  19.80. 1.10
Sum 97.99 100.00 Sum 98.26

100.00.




Table A-IV. 2MMM Standard Used with Funciamental Parameters
to Predict the Compositional Space (in wt%)

Glasses NaZO A.1203 BaO Ca0 F6203 NIO - PbO SIOZ 3203
1,2MMHa 17.85 14.64 433 15.70 4.86 211 294 3276 412
1,2MMHal 17.86 14.59 431 15.65 434 2,10 295 32.64 4.36
1LOO 15.88 1.12 441 2734 4.77 2.18 286 3794 2.82
1ILHO 15.79 1.60 445 26.96 475 2,18 3.10 3224 8.24
1HOO 30.17 1.71 444 13.63 475 © 2.19 3.05 3743 1.95
1HHO 30.78 1.21 457 13,77 483 - 220 3.17 31.78 7.01
1LOHc 14.78 1441 406 2474 461 200 259 26438 5.63
1LHH 15.10 14.83 415 2531 4.62 204 270 22.03 8.53
1HHHd 27.67 [3.90 3.98 13.01 4.87 1.97 2,10 21.37 1044
2MMM 13.71 7.75 450 12.15 439 220 3.19 47,08 3.84
2L0O 9.49 0.46 4.62 16.61 4.95 227 328 57.06 0.57
2LHO 9.29 1.04 459 16.46 4.93 225 327 4849  -8.99

~2HOO 1877 . Q.37 - 4.58 8.41 5.01 230 330 56.92 0.00
2HHO 18.50 0.59 4,73 842 ° 497 228 333 48.67 7.81
2LOH 9.12 14.57 429 1537 4.96 2,10 3.03 4439 1.49
2LHH 3.89 14.72 430 1537 4.70 208 3.05 36.85 9.37
2HOH 17.78 14.62 435 7.36 4.72 213 3.09 4446 0.31
2HHH 17.55 14.78 4.37 7.83 4.83 2,11 ~ 3.04 36.75 8.06
3SMMM 14.77 7.95 340 12353 30.29 156 227 20.63 5.91
3LOO 10.72 1.57 3.60 1797 32.56 1.66 241 25.29 333
3LHO 10.68 2.40 360 1774 3174 1.54 241 21.57 7.64
3HOO 20.53 1.14 3.35 8.68 30.80 152 231 2371 5.27
3HHO 19.85 1.70 3.55 8.83 31.30 1.60 236 23.16 6.97
3LOHc 8.97 17.12 3.01 1494 26.58 1.13  2.06 24.36 1.14
3LHH 9.06 18.15 .3.10 1521 27.36 137 205 16.22 6.80
3HHH 20.77 11.72 3.45 8.74  30.90 151 223 14.10 5.90
4MMM 8.96 7.03 3.81 7.82 2594 135 2.65 3595 5.79
4L.00 5.34 0.54 3.61 928  31.68 137 2356 40.16 4.78

_4HHO 10.31 0.62 3.68 460- 31.60 1.63 254 3391 1043

— 6LOH 6.98 13.88 401 11.85 18.89 126 2.61 384l 1.42
6LHH 6.51 13.94 387 11.13 20.71 .15 2,71 30.99 3.30
6HHH 12.68 13.90 3.90 5.51 22.13 1.10  2.68 30.00 7.40

- MiID1 14.57 6.77 4.03 1295 - 1991 190 2.78 31.67 4.74
MID2 14.74 6.88 -403 12.85 20.533 1.87 278 3143 . 421
MID3 14.56 7.23 398 1282 20.36 1.88 2,75 31.43 431
MMOO 15.27 1.01 408 1345 19.26 1.95- 2.87 40.24 1.19
15.18 1.17 4.17 -13.67 19.17 1.94 287 33.87 7.27

. MMHO
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Table A-IV. (Continued)

Classes  NayO  AO3 BaO  CaO  Fe,03 NiO PbO  SiO, B0,

4HOOA-a 10.91 0.29 3.84 4.85 30.09 170 2.62 40.77 4.5
4MMMal 8.92 7.01 3.82 7.85 2602 136 266 3595 5.71-
2L.OHZ 8.91 14.73 430 1546 4.69 210 3.04 4473 1.36

" 2LOHZA1 9.00 14.71 431 1548 471 .211 3.08 44.76 1.16
2HHOZ ’ 18.59 0.60 4.74 842 500 229 334 4858 7.75

2MMMal 13.65 7.73 4.50 1213 487 220 3.19 46.83 421




Table A-V. 3MMM Standard Used with Fundamental Parameters
to Predict the Compositional Space (in wt%)

Glasses NazO A1203 BaO Ca0 F6203 NiO PbO SlOz B203
1,2MMHa 1789 14.69 4.29 15.65 5.09 2.17 297 3275 452
1,2MMHal 17.95 1468 431 15.70 511 2.18 3.01 3296 4.09
1ILOO 15.89 .12 439 27.18 4.98 2.23 2.88 38.06 3.27
ILHO 15.86 1.61 - 442 2684 4.97 2.25 3.14 3243 847
1HOO 29.81 1.68 438 13.51 4.93 2.25 3.08 37.10 3.27
1HHO 30.44 122 450 13.65 5.03 2.26 3.21 31.61 8.07
1LOHc 1485 1457 4.03 24.58 4.80 2.06 2.60 26.53 5.98
1LHH 15.14 1487 4.09 2505 4.79 2.09 271 2202 9.24
1HHHd 29.88 12.83 3.81 12.47 491 1.96 2.07 19.84 12.23
.2MMM 13.87 7.68 445 1208 - 5.08 2.26 3.23 46,52 4.83
2L0OO 9.67 046 457 16.52 5.17 2.33 333 -56.834 -1.12
2LHO 9.48 1.03 457 1634 5.13 231 331 48.17° 9.66
2HOO 18.85 036 449 8.34 5.20 2.36 332 5654 055
2HHO 18.66 0.59 4.71 8.45 524 237 340 4872 17.87
2LOH 934 1449 427 1533 5.20 2.17 3.07 4440 1.74
2LHH . 9504 1467 426 1531 491 2.15 3.09 36.74 9.84
2HOH 17.97 14.61 435 7.88 497 221 - 3.16 4462 024
2HHH 1768 1476 436 7.34 5.04 2.18 3.08 36.74 8.34
3IMMM 15.14 8.14 342 1280 32.26 1.67 240 21.18 2.99
3LOO 11.00 1.59 3.60 17.15 34.29 1.77 + 2,50 25.69 1.4l
3LHO 1092 243 358 1793 33.56 1.63 2.51 21.84 5.61
3HOO 20.72 1.15 334 8.78 32.48 1.61 241 2582 3.71
3HHO 2039 172 "357 9.02 3338 171 248 2582 3.71
3LOHc 9.14 1725 298 1498 27.80 1.19 2.12 24.55 0.00
3LHH 934 18.50 3.12 1545 29.09 1.46 2.15 1657 434
3HHH 21.65 1195 348 895 -33.11 1.63 236 1434 252
4MMM 909 709 386 798 2756 1.44 278 36.63 3.57

—4L00 5.55 0.55 3.68 9.53 34.09 1.49 2.73 - 4121 1.17
4HHO 1057 0.62 3.69 468 33.55 1.73 - 2.66 3439 8.11
6LOH 7.07 1404 403 11.96 19.88 132 2.69 38.87 0.15

- 6LHH 6.59 1403 385 11.21 21.64 1.20 2.77 31.40 1730
6HHH 12.830 14.01 3.90 5.56 2332 1.16 2.78 30.27 620
MID1 14.73 6.88 403 13.05 20.90 1.99 2.85 31.97 . 3.60
MID2 1489 696 4.06 1298 21.59 197 2.86 3190 2.380
MID3 1466 729 3.97 12.89 21.30 1.97 2.82 31.67 343
MMOO 1544 099 410 13.55 20.14 2.03 2.93 4065 0.18
MMHO 15.37 1.18 4,18 13.78° 20.15 2.04 2.96 34.07 6.28
4HOOA-a -11.14 029 3.88 494 32.00 1.81 275 4145 174
4MMMal 9.08 706 384 794 1.44 3633 4.08

27.46

2.77

o e e e



Table A-V. (Continued)
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Glasses Na;0 AL,O3 BaO ~CaO FeyO3 NiO  PbO  SiO, B,05
2LOHZ 9.07 1470 426 1539 491 217 3.06 44.46 2.00
2L.OHZal 9.12 1471 427 1541 492 217 312 4457 1.71
2HHOZ 1896 061 469 838 521 235 338 4817 852
2MMMal 1391  7.67 444 1210 509 227 323 4678 4.52



Table A-VL.

Plot of Na,O CELs Wt % vs FP Wt %. The 3MMM

line

standard was used. The line is the perfect correlation
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Table'A-VIL Plot of Al,O3 CELs Wt % vs FP Wt %.. The 3MMM

standard was used. The line is the perfect correlation
line.
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Table A-VIII. Plot of BaO CELs Wt % vs FP Wt %. The 3MMM
standard was used. The line is the perfect correlation
line.
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Table A-IX. Plot of CaO CELs Wt % vs FP Wt %. The 3MMM
standard was used. The line is perfect correlation
line. :
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Table A-X. Plot of Fe203 CELs Wt % vs FP Wt %. The 3SMMM
standard was used. The line is the pertect correlation
line.
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Table A-XI. Plot of NiO CELs Wt % vs FP Wt %. The 3SMMM

standard was used. The line is the perfect correlation
line.
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Table A-XII. Plot of PbO CELs Wt % vs FP Wt %. The 3MMM
standard was used. The line is the perfect correlation

line.
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Table A-XTII. Plot of SiO, CELs Wt % vs FP Wt %. The SMMM

standard was used. The line is the perfect correlation
line.
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Table A-XIV. Plot of B,O3 CELs Wt % vs FP Wt %. The 3SMMM
standard was used. The line is the perfect correlation

FP Wt %

line.
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Appendix B

Toxicity Characteristic Leaching Procedure Test

The leaching characteristics of the compésitidnal space glasses were analyzed by
. TCLP and PCT on an extended basis to include glass forming materials.

TCLP was conducted on the constant surface area pelléts developed especially for
thi.s research to meet the requirements of the fourth and fifth ‘experimental objectives.
Each pellet had a surface area of approximately 11 cm2. The density of the glasses ranged
from 2.75 to 3.40 g/cm3. This corresponds to 0.306 cm2 of glass/cm3 of leachate in the
TCLE test. This coristant surface area is a new concept in TCLP analysis and can b.e used
to gain greater consistency in the TCLP results. The results of the TCLP tests afiipear in
Table B-I. The values are in mg/L

In order to evaluate the results from the TCLPs for the glass-es for the leaching
concentrations, it is first necessary to know the limits for comparison purposes. The
RCRA toxicity characteristics and LDR limits appear in Table B-IL.

By comparing the results of Table B-I with the rlimils‘ from Table B-II, several
observations are apparent. Barium fails TCLP for only one glass, SHOH. Lead exceeds
the RCRA standards for TCLP for glasses 1.00, 1LHO. 1HOO, 1LHH, 1HOH, 2HHO,
3HOH, and 3HHH. The RCRA limits on nickel are exceeded for all of.the 1- -Space

_glasses as well as 2LHO, 2HHO, 2LHH 2HHH, MIDs 1, 2, and 3, MMOO, and MMHO.
‘The main conclusion to be drawn from these data is that the 1-Space g OIasses are the least
- durable for lead and nickel. Additionally, there seems to be increased leaching and some
correlation between boron addition and any levels of Na for some of the glasses. Also,
addition of Al does not necessarily promote durability for some of the glassés with levels
of Na and boron. Plots of these results for 1- Space through 4-Space appear in Tables B-

111 through B-X. .




Table B-[. TCLP Leaching Data From the Compositional

Space. All values are in mg/L.
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Glass - Fe Al Pb Ba B Si Ni Ca

1LOO 0.61 0.10 1442 50.18 0.04 3931 17.69 260.99
1LHO 1.08 0.10 11.58 64.50 29.47 55.67 26.86 343.20
1HOO 0.46 0.10 10.56 64.89 0.13 32.44 24.49 169.43
1HHO 0.43 0.10. 2.53 75.63 3580 5633 27.99 195.97
1LOH 0.53 6.95 3.10 10.12 0.04 16.33 2.04  47.17
1LHH 429 2693 11.8 34.94 1556 46.45 °7.75 174.75
1HOH 046 733 829 65.62 0.04 20.65 6.07 -88.52
2L.00 003 0.10 020 - 0.73 004 258 005 1.30
2LHO 027 010 124 3.01 151 362 095 729
2HOO 0.03 010 020 122 004 °3.05 022 098
2HHO 1.51 010 1745 37.67 2319 25.02 15.89 . 52.77
2LOH 009 010 020 0.84 0.04 349 015 _.1.13
2LHH 0.17 025 034 132 049 4.65 034 232
2HOH 006 010 020 090 0.04 355 0.1 058
2HHH 027 096 098 206 094 626 060 218
3LOO 0.18 0.10 024 179 0.04 413 005 925
3LHO 0.09 010 030 213 050 482 005 7.02
3HOO 073 010 035 265 0.04 458 0.05 6.70
3HHO 1.08 0.10 125 540 142 757 0.4 884
3LOH '0.79 8.68 174 389 0.04 1569 0.05 12.85
3LHH 024 527 0.87 253 061 .810 005 757
3HOH 0.09 0.10 25.81 109.94 0.04 24.14 0.24 223.60
3HHH 0.19 3.57 1271 56.69 2124 17.78 0.05 120.01
41.00 022 010 020 0.60 004 299 0.05 035
41L.HO 036 010 020 0.78° 0.04 323 006 0.55
4HOO 028 010 020 0.58 004 294 0.09. 0.18
MID1 1.52 076 1.05 247 0.55 5.82 0.60 447
MID2 1.16 0.75 095 1.77 039 532 044  3.78
MID3 0.69 037 098 248 037 676 0.71  4.96
MMOO 0.63 0.10. 0.51 1.64 004 404 039  3.01
MMHO 121 010 150 427 165 6.76 116 861
4HOOA 090 010 020 0.86 004 325 011 048
4HOOE 1.07 010 020 1.04 056 3.80 0.07 0.64
4L.OOE 047 0.0 020 075 015 328 0.08 0.73
41 HOE -0.62 0.10 020 1.04 0.29. 0.06 1.01

3.72

Note - 'i'hc detection limit (in mg/L) for Al is 0.10; for Pb is 0.20; for B is 0.04; for Ni is 0.05.



Table B-II. TCLP and RCRA LDR Regulatory. Limits

Waste Codes Regulated Metal RCRA TCLP* RCRA LDR**

Limit (mg/L) Limit (mg/L)
Characteristic Waste Codes '
D005 Barium 100.0 100.0
D008 Lead 5.0 . 5.0
Listed Waste Codes
FOO6*** Nickel N/A 0.32

* TCLP: Maximum concentration of contaminants (40 CFR 261.24; see 55 FR 11862, March 12,
1990) as determined by Toxic Characteristic Leaching Procedure (40 CFR 261, Appendix I)

** LDR: concentration based standards for Land Disposal Requirements, (40 CFR 268.41 and
268.43; see 55 FR 22689, June 1, 1990)

*** F006: Hazardous Waste from Non-Specific Sources; Wastewater treatment sludges from :
electroplating operations.



Table B-III. Plot of TCLP Results for 1-Space for Fe, Al, Pb, Ba
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Table B-IV. Plot of TCLP Results for 1-Space for B, Si, Ni, Ca
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Table B-V. Plot of TCLP Results for 2-Space for Fe, Al, Pb, Ba
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Table B-VI. Plot of TCLP Results for 2-Space for B, Si, Ni, Ca
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Table B-VIIL. Plot of TCLP Results for 3-Space for Fe, Al, Pb, Ba
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Table B-VIIL. Plot of TCLP Results for 3-Space for B, Si, Ni, Ca
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Table B-IX. Plot of TCLP Results for 4-Space
and Midpoints for Fe, Al, Pb, Ba
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Table B-X. Plot of TCLP Results for 4-Space
and Midpoints for B, Si, Ni, Ca
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Appendix C

Product Consistency Test

" The second test of the leaching cﬁaracteristics of the glasses was performed with the
PCT (Jantzen et al., 1987). The PCT was conducted on an extended basis to include glass
forming materjals on the constant surface area forms after appropriate milling to a size
appropriate for this test. The PCT leachate concentrations, in mg/L corrected for blanks,
for B, Si, Na, Al, and Pb along with the initial and final pH values appear in Table C-I.
The logyg nérmalized release for all nine elements are presented in Table C-II. The blanks
in the table indicate that that particular glass did not contain the associated element. One
conclusion to be drawn from the data is that the 1-Space glasses are the least durable.
Additionally, the data from Table C-I correlates to an extent with the results from the
TCLP results in Table B-I. Both tests suggest that the same glasses lack durability. For
example, both tests confirm that the 1-Spac<; glasses are not durable. The major difference
between the 4-Space and the 2-Space is the iron. And yet there is very little difference
‘between the durabilities of these two glass spaces. High levels of iron do not appear to
decrease the durability of the 4-Space. The major difference between the 3-Space and the

1-Space is also the iron. In this case higher iron content appears to improve durability.
Plots of selected leaching results for the four sub-spaces appear in Tables C-III
through C-VI. These figures suggest that an increased Ieachfng rate tends to follow
increases in the Na content and/or the B content. Also, the addition of Al generally
enhances the durability of the glasses. For example, in Table C-IV the 2-Space glasses
with Al hax}e lower leaching then the corresponding glasses without Al. This trend tends

to follow for the 1-, 2-, and 4-Spaces, but not the 3-Space.



Table C-I. Product Consistency Test Data

Glass pH pH Leachate concentration (ppm) corrected for blanks
init final (Values are averages of 3 measurements)
B Si Na Na* Al Pb

1LOO 6.93 12.87 0.79 71.82 1869.33  1599.54 299 8.84
. IHOO 6.93  13.37 045  659.71  7787.01 6358.19 42.67 93.14
1ILHO 6.93  12.59 105.28 16.98  1033.41 874.58 222 465
IHHO 6.93  13.57 1307.67 1485.84 1553834 12742.18 11.46 45.38
ILOH 6.77 1156  -0.02 17.10 124.85 109.58 18.12 0.16
IHOH 6.60 13.20 121 82.72. 14217.24 12796.60 921.19 66.55
ILHH 6.60 11.66 883 . 987 156.81 13353 2429 037
IHHH 6.84 1315 388.07 10053 926731 7566.73 694.30 47.20
2L0O 6.93 11.10 0.22 60.45 43.32 3789  -0.01 0.00
2HOO 6.60 12.23 0.25 115.92 559.60  430.88 0.15 1.27
2LHO 6.60 1048 1195 67.70 43.02 38.48 0.15. 0.30
2HHO 6.77 11.60  30.96 166.37 31873  282.12 0.27 0.30
2LOH © 677 1048  -0.04 16.28 1351 - 1170 471 0.01
2HOH 6.81 °11.55 0.03 30.32 11032 101.89 9.69 0.20
2LHH 6.60  10.18 3.25 13.54 13.39 11.51 5.19 030
2HHH 6.77 11.06 4.33 22.69 62.98 56.95 9.15 0.08
3LOO 6.60 11.32 0.17 - 17.15 3870 -34.33 0.19 030
3HOO 6.77 12.61 -0.03 I11.39 1986.61 1612.23 414 182
3LHO 6.60 11.19 2.98 15.56 .34.82 30.36 0.62 0.30
3HHO 6.60 10.23  16.06 68.39 781.54 64988 _ 690 0.30
3LOH 6.77  10.58 -0.09 10.69 17.72 15.63 9.56 0.00
3HOH 6.60 12.88 1.05 126.63  3494.81 295090 171.94 9.33
3LHH 6.77 11.24 3.84 6.63 35.43 3251 20.75 0.00
3HHH 6.60 12,78 118.61 4344 322193 2869.66 251.80 12.26
4LOO 6.81 1025 - 0.17 33.63 18.68 17.39 0.63 0.01
4HOO 6.60 11.28 0.27 48.50 109.67 85.72 0.73 030
4LHO 6.60 9.96 342 2531 17.54 14.83 -~ 0.15 0.30
4HHO " 6.60 11.14 10.83 55.55 97.38 91.71 0.73 0.00
__6LOH 6.60 1060  -0.05 15.80 2031 . 1963 578 0.00
6HOH 6.60 11.07  -0.03 24.36 - 56.21 53.39 9.26 0.01
6LHH 6.60 10.12 2.65 12.36 ° 12.68 12.02 5.87 0.00
6HHH " 6.60 10.64 379 1822 35.59 33.77 9.34 0.00
-~ MIDI 693 1143 1.78 19.71 83.59 74.10 5.12 0.00
MID2 693 1134 °~ 216 19.52 74.79 66.32 497 0.00
MID3 6.60 1133 . 236 21.90 90.18  73.06 5.69 030
1,2MMH 6.84 11.51 2.46 23.55 101.03 82.37 1149 0.20
- 2MMM 6.834 11.00 2.30 2946 | 43.62 3984 322 0.07
3MMM 634 1171 272 18.10 154.78 138.16 9.57 0.05
4MMM 6.84 11.07 1.91 27.98 56.59 51.34 6.28 0.11
MMOO 681 11.65 0.15 41.34 137.86 11848 055 0.00

" MMHO 6.81 11.61 9.78 3791 145.15 126.92 0.73 0.00



Table C-1. (Continued)

Glass pH pH Leachate concentration (ppm) corrected for blanks
init .- final (Values are averages of 3 measurements)

B Si Na Na* Al Pb
2LOHZ . 6.84 1149 0.09 16.73 12.99 12.62 482 0.04
2HHOZ 6.834 11.52 21.87 12482 22341 185.02 0.17 0.30
4HOOA 6.81 1140 0.30 4427 112.71 99.00 020 0.00.
41.00E 6.81 10.35 0.09 39.59 27.98 27.97 0.26 0.00
4L HOE 6.60 9.75 458 3452 19.67 17.71 0.25 0.30
4HHOE 6.77 1110 . 1513 79.87 142.16 121.36 0.55 0.00
5LOO 6.77 | 11.74 0.59 11.69 13291 107.00 0.24 0.02

SHHO 6.77 12.33 - 12.99 147.61 107049 793.60 039 0.30

* Na by atomic absorption



Table C-II. Product Consistency Test Data. The tests were performed on
glasses from the compositional space with results reported in

log10 Normalized Release, NRi (mg/L)
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Glass

B Si Na Al Pb Fe Ca Ni Ba

1,2MMH 1.821 1.850 2.663 1.897 0.801 0.000 1.892 0.000 1.795
1LOO 2.266 3.993 2.410 0.000 0.785 0.477 1.950
1HOO 3.236 4.298 3.439 1.749 0.560 0.521 2.132
1LHO 3.217  1.710 3.735 2.134 0.000 1.345 0.481 2.359
1HHO 4.318 3.659 4.604 3.130 1.493 0.000 0.488 1.688
1LOH 1.788 2.856 2.089 0.681 0.000 1.745 0.000 1.621
1HOH 2479 4.629 3.801 3.320 1.538 1.513 1.546 1.190
1LHH . 2168 1.643 2.945 2.220 1.063 0.000 2.143 0.543 2.111
"1HHH 3.817 2.657 4.404 3.682 3.174 1.836 1.262 1.858 1.539
2MMM 1702  1.793 2.465 1.647 0.329 0.000 1.947 0.000 .. 1.801
2L.0O 2.018 2.601 0.000 0.000 2.138 0.000 2:264
2HOO 2.305 3.407 1.573 0.000 1.468.0.519 2.116
2LHO 2.101 2.140 2.613 0.949 0.000 2.282 0.521 2.388
2HHOZ 2.367 2.409 2.998 0.953 0.000 1.980 0.622 2.250
2HHO 2.518 2.534 3.181 0953 0.000 1.691 0.515 2.003
2L.OHZ 1.562 2151 1.516 0.119 0.000 1.769 0.000 1.467
2LOH 1.550 2.117 1.506 0.000 0.000 1.743 0.000 1.441
2HOH 1.824 2760 1.823 0.807 0.000 1.847 0.000 1.594
2LHH 1.562 1.556 2.116 1.554 0975 0.000 1.853 0.548 1.452
2HHH 1.738 1.784 2513 1.804 0.423 0.008 1.896 0.000 1.432
3MMM 2.117 -1.960- 2.949 2207 0.232 0.000 1.758 0.000 1.648
3LOO 1.820 2.505 - 1.037 0.000 2.097 0.609 1.595
3HOO 2.637 3.881 1.823 0.837 0.647 0.647 1.055
3LHO 1.843 1.847 2.455 . 1.039 0.000 1.995 0.612 1.894
3HHO 2.579 2.494 3.489 1.044 0.495 1.054 0.616. 0.783
-3LOH ' 1.782 2.186 1.902 0.000 0.000 1.760. 0.000 1.373
— 3HOH 2.860 4.165 .3.161 2.555 0.798 . 1.678 1:635 1.534
3LHH 1975 1.675 2.506 2.241 0.000 0.656 2.091 0.000 1.645
3HHH 3.469 2495 4.155 3.329 2,676 0.787 1.526 0.637 1.706
4MMM 1.763  1.919 2.822 2.026 0.630 0.421 1.615 0.585 1.184
4L.OCE 1.981 2.720 0.000 0.866 1.381 0.000 1.001
41.00 1.910 2.513 0.000 0.793 1.489 0.000 1.109
4L.HOE 1.830 1.993 2.525 1.043 0.850 1.738 0.622 1.467
4.HO 1.702  1.858 2.448 1.043 0.875 1.848 0.615 1.634
4HOO 2.072 2.907 1.041 0.036 1.289 0.613 0.777
4HHO . 2206 2201 2.941 0.000 0.207 1.029 0.000 0.323
6LOH 1.622 2473 1.647 0.000 0.624 1.672 0.000 1.290
6LHH 1.567 1.618 2.290 1.668 0.000 0.983 1.750 _0.000 1.289
6HOH . 1.798 2.585 1.846 0.000 0.148 1.592 0.000 - 0.980
6HHH 1732 1797 2.454 1.877 0.000 0.293 1.646 0.000 0.968



Table C-IL.(Continued)

Glass B Si Na* Al Pb Fe Ca Ni Ba
MID1 1.743" 1.789 2.702 1.882 0.000 0.000 1.709 0.000 1.609
MID2 1.828  1.784 2.654 1.869 0.000 0.000 1.643 0.000 1.535
MID3 1.867 1.834 2.696 1.927 1.009 0.000 1.562 0.581 1.448
MMHO 2.165 2.039 2915 0.000 0.000 1.254 0.000 1.268
MMOO 2.005 2.882 0.000 0.000 "1.086 0.000 1.219
4HHOE 2351 2.359 3.062 0.000 0.000 0.000 0.000 0.029
4HOOA 2.032  2.970 0.000 0.163 1.120 0.000 0.880

*Na by atomic absorption and all other elements by ICP.
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Table C-IIL. Plot of PCT results for the 1-Space. Units in
Log;o Normalized Release (mg/L)

Element
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Table C-IV. Plot of PCT results for the 2-Space. Units in

Logjo Normalized Release (mg/L)
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Table C-V. Plot of PCT results for the 3-Space. Units in
Log;o Normalized Release (mg/L)
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Table C-VI. Plot of PCT results for the 4-Space. Units in

Element

Logjo Normalized Release (mg/L) _
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Appendix D

Iron Redox

The redox of the glasses has been determined by analyzing the Fe2+/Fe3+ ratio.

The redox analysis data for iron-in the glasses appears in the following Table D-I. The

90

WSRC Defense Waste Processing Facility (DWPF) uses redox ratios of 0.05 to 0.5 as one

criteria to estimate if the manufactured glass will be durable (Jurgensen, 1994). The

Fel+/Fetotal recfox ratios for the 1-, 3-, and 4-spaces are all less than-0.3. The range of

redox values for 2- space on the other hand ranged from 0.314 to 0.629. No explanation

for this trend is given, but the effect is very pronounced

Table D-I. Redox Analysis Experimental Data

Glass

Fe2+/Fe3+ FeZ*/Fe total Glass Fe2+/Fe3+ FeZ+/Fe total

1L.0OO 0.304 0.233 3LOO 0.088 0.081
1LOH 0.362 0.266 3LOH 0.159 0.137
1LHO 0.268 0.211 3LHO 0.103 | 0.093
1LHH 0.424 0.298 SLHH 0.159 0.137
1HOO 0.195 0.163 3HOO 0.078 0.072
1HOH 0.264 0.209 3HOH 0.082 _ 0.076
1HHO 0.189 0.159 3HHO 0.133 0.117
1HHH NA NA 3HHH 0.086 0.079
2L00 0.639 0.390 4LOO 0.229 0.186
2L.OH 1.320 0.569. 4HOO 0.176 0.150
2LHO 1.050 . 0.512 4LHO 0.264 © 0.209

— 2LHH 0.620 0.383 4HHO 0.276 - 0.220
2HOO 0.973 0.493 6LOH 0.275 0.220
2HOH 0.698 0.411 6HOH 0.203 0.170
2HHO 1.695 0.629 6LHH 0.297 0.230
2HHH 0.458 0.314 6HHH 0.245 0.220
MMHO 0.230 0.187 MiID1 0.161 0.139
MMOO 0.299 0.230 MID2 0.143 0.125
2MMM 0.784 0.440 MID3 0.281 0.219
3MMM NA NA 2LOHZ 0.594 0.370
4MMM 0.240 0.190 2ZHHOZ 0.846 . 0.458
1,2MMH 0.539 0.350

NA = Not Analyzed
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Appendix E
X-Ray Diffraction

Powder XRD was performed on 13 of the 43 glasses. Small low intensity lines were
found for all the 3-Space glasses but for none of the other glasses. Optical microscopic
examination of these glasses revealed the presence of dendritic ¢rystals. It is believed that

the minor crystalline phase may be trevorite, an iron-nickel spinels.




Appendix F

Glass Sampling.from a Pilot-Scale Melter

About half way through the project, after the disk pouring and annealing process
were proven, glass samples for XRF analysis were obtained directly from the Clemson
University pilot-scale cold top mélter during vitrification of an M-area surrogate sludge.
This was accomplished by allowing the molten glass to be cast directly into a‘ preheated
graphite mold. After the annealing period was completed, the disk was transported to the
Electron Microscopy Department in Jordan Hall on the main Clemson University carnéus
where a Phillips 1450 XRF spectrometer is located. XRF intensity data were acquired
from the sample. Total clapsed time, not including transportation, was approximzft;ely one
hour. This procedure meets the requirementé of the first and second experiméntal

objectives.




Appendix G

Miscellaneous

"A short discussion will be undertaken here to explain the rationale behind picking
the type of mold to produce the XRF disks and to explain the success of the annealing
process.

Several factors impacted the decision to use -40 mm high-purity graphite molds
instead of platinum for preparation of the‘ XRF samples. First, the precision study
indicated that reasonable data precision could be expected using graphite molds. Second,
using graphite crucibles would more closely approximate probable process conditions.
Thirci, since polishing is such a simple and quick process, it could be accomplishéd at the
melter site and would' not significantly impact tile total time requiréd for an analysis if a
decision was made to polish the samples. Fourth, in a process environment, the cost of
graphite would be much less than the cost o.f platinum molds.

Of the approximately 220 disks cast, twelve cracked before the deliberate
devitrification process (one of thirty-two cracked during devitr_i'ﬁcatiorij. All twe;lve disks,
came from three compositional points (1HOH, 1HHH, and 3HOH) and cracking was
attributed to the unusual elemental mixture of those poinst as opposed to the annealing
procedure. Overall, about 98.2 percent of the disks did not crack. This provides positive
evidence that the'annealing technique developed in this research project is suitable for

XRF glass sample preparation.



REFERENCES

Alvarez, M., "Glass Disk Fusion Method for the X-Ray Fluorescence Analysis of Rocks
and Silicates," Advances in X-Ray Analysis, vol. 19, pp. 203-206, 1990.

Baumann, E.W., Coleman, C.J., Karraker, D.G.,, Scott, W.H., Colorimetric
Determination of Fe(Il)/Fe(Ill) Ratio In Glass, USDOE Report DPMS-87-18,
Savannah River Laboratory, Aiken, SC, 1990.

Bennert, D.M., Overcamp, T.J., Sargent, T.N, Jr., Resce, J.L., and Bickford, D.F., Pilot-

*Scale Vitrification Laboratory for Treatability Studies on Hazardous and Mixed

Wastes, Environmental and Waste Management Issues in the Ceramic Industry,

G.B. Mellinger (ed.), Ceramic Transactions, vol. 39, pp. 129-137, American
Ceramics Society, Westerville, OH, 1993.

Berstein, F., " Application of X-Ray Fluorescence to Process Control," Advances in X-Ray
Analysis, vol. 5, pp. 486-499, 1962.

Bertin, E. P. , Principles and Practice of X-Ray Spectrometri'c An"a-lysis, 2nd ed., Plenum
Press, New York, 1970. )

Birks, L. S. , X-Ray Spectrochemical Analysis, Interscience Publishers, New York, 1969.

Bostick, W. D., Hoffman, D. P., Stevenson, R. J.,, Richmond, A. A., Surrogate
Formulations for Therimal Treatment of Low-Level Mixed Waste, Part IV:
Wastewater Treatment Sludges, USDOE Report DOE/MWIP-IS Martin Marietta
Energy Systems, Oakridge, TN, 1994

Camey, K.P., "Development of Real-Time Monitors for the Elemental Characterization of
—_— Slag and Process Off-Gases for the Plasma Hearth Treatment Program,"
Proceedings of the International Topical Meeting on Nuclear and Hazardous
Waste Management, Spectrum 94, American Nuclear Society, La Grange Park, IL,

pp- 336-342, 1994.

Carr-Brion, K. , X-Ray Analyzers in Process Control, Elsevier Science Pubhshers Ltd.,
London, 1989.

Cicero, C. A., Bickford, D. F., Bennert, D. and Overcamp, T, Rocky Flats Plant
Precipitate Sludge Surrogate Vitrification Demonstration (U), Report WSRC-RP-
93- DRAFT Westinghouse Savannah River Company, Aiken, SC, 1993a.

Cicero, C. A., Bickford, D. F,, Jantzen C. M., Bennert, D. and Overcamp, T., Savannah
River Site Simulated M-Area Sludge Vitrification Demonstration (U),- Report
WSRC-RP-93-659, Westinghouse Savannah River Company, Aiken, SC, 1993b.




95
Cicero, C. A., LANL TA-50 Simulated Sludge Crucible Studies (U), WSRC Memo datéd
May 4, 1994, Westinghouse Savannah River Company, Aiken, SC, 1994c.
Claisse, F., Norelco Reporter, vol. 4, No. 1, 1957.

Criss, J. W., “Fundamental Parameters Calculations on a Laboratory chrocomputer !
Advances in X-Ray Analysis, vol. 23, pp. 93-97, 1980.

Criss, J. W, and Birks, L. S,, “Calculation Methods for Fluorescent X-Ray spectrometry,”
Analytical Chemistry, vol. 40, pp. 1080-1086, 1968.

Criss, J. W., Personal Communication, Criss Software Company, August, 1994.

de Galan, L., "Atomic Spectrometry: A User's View," Philosophical Transactions:
Physical Sciences and Engineering, vol. 333, no. 1628, pp. 5-12, 199C.

de Jongh, W. K., X-Ray Spectrometry, vol. 2, p. 151, 1973.
de Jongh, W. K., X-Ray Spectrometry, vol. 8, p. 52, 1979.

Federal Register, "Land Disposal Restrictions for Third Schedule Wastes, Final Rule," 55
FR 22627, 1990. .

Jantzen, C.M. and Bibler, N.E., Product Consistency Test (PCT) for DWPF Glass: Part I.
Test Development and Protocol, U.S. DOE Report DPST-8:7;575, E.I. DuPont
deNemours & Co., Savannah River Laboratory, Aiken, SC, 1987.

.furgensen, A., Personal Communication, Westinghouse Savannah River Company,
August, 1994a )

Jurgensen, A., Personal Commumcatlon Westinghouse Savannah R1ver Company,
August, 1994b.

——Lachance, G. R. and Claisse, F., “A Comprehensive Alpha Coefﬁcxent Algorithm,”
Advances in X-Ray Analysis, vol. 23, pp. 87-92 1980.

Lachance, G. R. and Traill, R. J., “A Practical Solution to the Matrix Problem in X-Ray
Analysis,” Canadian Spectroscopy, vol. 11, pp. 43-48, 1966.

. Lucas-Tooth, H. J., and Pyne, C., “The Accurate Determination of Major Constituents by
X-Ray Fluorescent Analysis in the Presence of Large Interelement Effects,”
Advances in X-Ray Analysis, vol. 7, p. 523, 1961.

Luedemann, G., Mann, D., and Hagan, R., "Graphite Fusion of Geological .Samples,"
Advances in X-Ray Analysis, vol. 34, pp. 213-216, 1991.

Phase Diagrams for Ceramists, The American Ceramic Socxety, 2ud ed., vol.1, p. 228,
1969.




96

Rasberry, S. D. and Heinrich, K. F. G., "Calibration for Interelement Effects in X-Ray
' Fluorescence," Analytical Chemistry, vol. 46, pp- 81-89, 1974.

.. Resce, J.L,, Ragsdale, R.G., Overcamp, T.J., Hallman, T., and Davis, D. H., "Laboratory-

Scale Vitrification of a Chloride-Containing Simulant of Incinerator ‘Blowdown,"
Proceedings of the 1994 International Incinceration Conference, Thermal
Treatment of Radioactive, Hazardous Chemical, Mixed, Munitions, and
Pharmaceutical Wastes, University of California, Irvine, pp- 603-608, 1994.

Resce, J.L., Ragsdale, R.G., Overcamp, T.J., Jurgensen, A., Cicero, C., and Bickford, D.
F., "XRF in Waste Glass Analysis and Vitrification Process Coatrol, Part 1:
Sample Preparation and Measurement Precision," Presented at the 96t Annual
Meeti1_1g of the American Ceramics Society, April 24-28, 1994, Indianapolis, IN,
1994. ’ .

Ryan, W. and Radford, C. , Whitewares Production, Testing and Quality Control,
Pergamon Press., New York, 1987. -






DISCLAIMER
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