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ABSTRACT 

The l eac h b ehavi or of radi oact i ve v i t r i f i ed zeol i te materi al was studi ed 

as  part of the Th ree Mi l e  I sl and (TMI) Zeol i te Vi tr i f i c at i on Program conducted 

by Pac ific Northwest Lab oratory (PNL). Experi mental procedures ,  test resul ts ,  

and di scuss i on s  of the resul t s  are presented. The l each behavi or of materi al 

from th ree c an i sters of v i t r i f i ed zeol i t e  i s  di scus sed i n  terms of t he n ormal 

i zed wei ght l os s  of the gl ass-formers  and the normal i zed act i v i ty l os s  of the 

f i s s i on products  ces i um and st ront i um .  The l each b ehav i or of the radi oacti ve 

v i tr i f i ed zeol i te  materi al i s  al so  compared to the l eac h behavi or of MCC 76-68 

reference gl ass . The effects  of c hanges in  the surface m i c rost ructure of the 

v i t ri f i ed zeol i te that occ urred during  l eac h i ng a re al so  presented . 

i i i  
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SUMMARY 

Leach behav i or and mi c rost ructure of rad i oact i ve v i tr i f i ed zeol i t e  

materi al were stud i ed as part of t h e  Th ree Mi l e  Isl and (TMI ) Zeol i te Vi t ri f i 

c at i on Demonstrat i on Program conducted b y  Pac i f i c  Northwest Lab oratory ( PNL ). 

The l each tests were conducted i n  dei oni zed, deaerated water accord i ng to the  

Materi al s Characteri zat i on Center  (MCC ) - lP Stat i c  Leac h Test Method. Spec i 

mens were tested t o  compare the  l eac h behav i or of the  radi oact i ve v i t r i f i ed 

zeol i t e  contai ned i n  three sepa rate  c ani sters w ith  that of the nonradi oact i ve 

zeol i te tested previ ousl y, and wi th  an MCC reference  gl ass.  The fol l owi ng 

c oncl us i ons were reached: 

o The normal i zed mass  l oss  of ces i um and of the  gl as s-former 

el ements f rom the rad i oact i ve v i t ri f i ed zeol i t e  after  the  

28-day l each test i s  s i gni f i c antl y l ower ( factor of 2 or 

more ) than that f rom the nonrad i oact i ve reference  gl ass MCC 

76-68. 

• The average l eac h rate for the rad i oact i ve v i t r i f i ed zeo

l i te  i s  sl i ghtl y l owe r than the rate  for the nonradi oact i ve 

v i t r i f i ed zeol i t e, for al l el ements reported and al l l each 

test peri ods l onger  than seven days. 

The l eac h behavi or of radi oact i ve v i t r i f i ed zeol i t e  f rom 

al l th ree cani sters i s  essent i al l y the same. 

o There i s  no s i gni f i c ant systemat i c  d i fference  i n  l each 

behavi or rel at i ve to l oc at i on of radi oact i ve v i t r i f i ed 

zeol i t e  (top, mi ddl e, or b ottom ) i n  the c ani sters tested. 

Mi c rostructure of the radi oact i ve materi al was c ons i stent 

wi th that ob served i n  the nonrad i oact i ve materi al , and no 

sec ond phase components were detected. 

xi i i  



I NTRODUCTI ON 

The cleanup of the high-activity water at Th ree Mile Island (TMI ) by 

sorption onto a b lend of zeolites p rovided an opportunity to further develop 

radioactive waste management technology . Under the Zeolite Vit rific ation 

Demonst ration Prog ram (Z VDP) , the U . S .  Department of Ene rgy (DOE) autho rized 

the Pacific Northwest Laboratory (PN L ) a to take  a po rtion of the zeolites, 

demonst rate the  vit rification of the zeolites on a full sc ale b asis, and 

determine the dissolution ( leac h )  c haracteristics of the resultant glass. One 

low-activity and two high-activity liners of zeolite h ave been vit rified . 

These liners were p rocessed in the Sub merged Demineral izer  System (SDS ) that 

was used to c lean cesium and st rontium from the TMI water .1 The c h a racter

istics of non radioactive glass that simulated the vit rified zeolite have been 

reported . 2 Th is repo rt desc ribes the dissolution c haracteristics of specimens 

of the hig h-activity vit rified zeolit e ,  and also compa res these cha racteris

tic s  with those of the non radioactive , simulated vit rified zeolit e .  These 

dissolution tests on the radioactive glasses were carried out using the Mate

rials Characterization Center (MCC ) p rocedure "MCC-1P St atic Leac h Test 

Method", dated December  30,  1982 . 3 Because in-cell equipment was lac kin g , 

measurements of gas generation , tensile st rength , impact st rength , and c an

ister corrosion were not conducted . A summa ry of the tests conducted on the 

radioactive vit rified zeolite is listed in Tab le 1 .  

a .  Operated by Battelle Memo rial In stitut e .  

1 
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TABLE 1. MCC CHARACTERIZATION TESTS ON RADIOACTIVE VITRIFIED ZEOL I TE 

Test 

Chemical anal ysis on 
sol id product 

Phase characterization 

Den sity (geometric) 

MCC-lP Static Leach 
Test Method 

Sampl ing Location a 

Canister Z2 Canister Z4 Can i ster Z5 
M M M 

M M M 

Averaged Averaged Averaged 

T ,  M ,  B T ,  M ,  B T ,  M ,  B 

a. T ,  M ,  and B repres ent specimens taken from cores l ocated near the 
top ,  middl e ,  and bottom of the canisters , respectivel y. 

2 



EXPERI MENTAL PROCEDURE 

The object i ves of th i s  study were to determi ne and compare the d i ssolu 

t i on (leach) c h a racteri st i c s  o f  rad i o act i ve vi tr i f i ed zeoli te t o  those of  a 

nonrad i oact i ve reference vi tr i f i ed zeoli te and to the reference MCC 76-68 

glass . The followi ng sect i on s  desc r ibe  the  test materi als ,  test equ i pment , 

analyt i cal tec hn i ques , and leachant . A desc ri pt i on of  the test i n g  equ i pment 

i s  also contai ned i n  Appendi x A .  

Test Materi als 

The materi als that were tested , the methods fo r thei r p reparat i on , and 

the test i ng matr i x and cond i t i ons a re desc ribed i n  the followi ng  sub sect i ons . 

Desc ri pt i on of  Materi als 

The pr i mary materi als that were leach-tested i n  t h i s study were vi tr i f i ed 

zeoli tes . The zeoli tes were o ri gi n ally used to remove ces i um and stront i um 

f rom the rad i oact i ve water  i n  the TMI -2 Reactor Bu i ldi ng  b a sement . L i ners 

conta i n i ng the zeoli tes were sh i pped to PNL ,  dri ed ,  and vi t ri fi ed to demon

strate the  c apab i li ty of  p rovi d i ng a waste materi al su i t ab le for d i s posal.1 

The sou rces of  the zeoli tes fo r th i s  study were the two h i gh-acti vi ty SDS 

li ners , numbers D10012 and D10016 . The materi al f rom these 1 i n ers was u sed to 

f i ll th ree 2 0 . 3-c m-d i amete r ,  2 .6-m-long,  Sc hedule 40 Type 304L stai nless steel 

can i sters--Z2 , Z4 , and Z5 (Tab le 2) . Samples were taken at th ree locat i ons  

along the  length of  each can i ster u s i n g  a 12 . 7-mm i n s i de d i ameter (I D) d i amond 

core dr i ll and d i st i lled water as a coolant/lub r i c ant . Co res were taken near 

the top , mi dplane ,  and bottom of  each can i ster i n  o rder to i denti fy any d i f

ferences i n  leach c h a racteri st i c s  that mi ght be  att r ibutab le to segregat i on 

du r i ng the vi t ri f i c at i on process . Some c o res were nearly i ntact , wh i le others 

were composed of several p i eces . An example of  the c o res i s  shown i n  

F i gu re 1. 

I n  add i t i on to the p ri mary vi t r i f i ed zeoli te spec i men s u sed i n  the study ,  

MCC reference  glass  [MCC 76-68 (Bar  303)] , and the non rad i oact i ve s i mulated 
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TABLE 2 .  DESCRI PT IONS OF CANISTERS USED FOR CORE/SPECIMEN PREPARAT ION 

Ca ni ster Ca ni ster Fi l l  Amou nt of 
Nunt>er Hei ght {m} Gl ass {kg} Zeol i te Source 

Z2 2 . 0  167 Enti re cani ster fi l l ed wi th 
materi al from SDS l i ner D10012 

Z4 2 .0 164 Lower two-thi rds of ca ni ster 
fi l l ed wi th materi al from SDS 
l i ner D10012; u pper o ne-th i rd 
of ca ni ster fil l ed wi th 
materi al from SDS l i ner D 10016 

Z5 1 . 9  161 Enti re ca ni ster fi l l ed wi th 
materi al from SDS l i ner D10016 

vi tri fi ed zeol i te gl ass,  ZVDP-4, were tested to permi t compari so n of the 

resul ts of th i s  study wi th resul ts from other l each studi es . 

Test Matri x a nd Testi ng Co ndi ti o ns 

The bas i s  for determi ng the test matri x for the materi al from the three 

ca ni sters of vi tri fi ed zeol i te was the MCC-1P Stati c Leach Test Method, 

Matri x B, December 30, 1982.3 Th i s  method/matri x was devel oped by the MCC to 

permi t a prel i mi nary compari son  of the chemi cal durabi l i ty between di fferent 

waste forms . The method permi ts i ni ti al ra nk i ng of di fferent waste forms 

l eached i n  water by testi ng for peri ods u p  to 28 days at 90 °C . It  speci fi es 

tri pl i cate tests at 28 days a nd s i ngl e tests at the l ower testi ng peri ods . 

Because of l i mi ted i n-cel l testi ng space, i t  was not pos s i bl e to compl ete a 

MCC-1P, Matri x B for each ca ni ster-l evel combi nati o n .  Therefore, a MCC-1P, 

Matri x B (except for o ne 28-day test ),  was speci fi ed o nl y  for the cores take n  

at mi d-l ength from each of the three ca ni sters (Tabl e 3 ) . Modi fi ed matri ces 

speci fi ed for the cores at other el evati o ns permi tted a general compari s o n  

between core l ocati o ns .  Bl a nk sampl es (u s i ng o nl y  the water l eachant ) ,  refer

ence MCC 76-68 gl ass,  a nd no nradi oacti ve s i mul ated vi tri fi ed zeoli te from 

earl i er studi es {ZVDP-4 ) were i ncl uded i n  the matri x i n  order to permi t: 
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Fi gure 1. Exampl e of core from one-foot l evel of can i ster Z2 . 

(a ) correct i on s  to the data for di ssol uti on of el ements from the l each con 

ta i ner, a nd  (b) compari son t o  other l each resul ts,  i ncl udi ng  t he  earl i er non

radi oact i ve vi tri fi ed zeol i te materi al •2 

Speci men Preparat i on 

The s ampl e cores were sl i ced i nto l each speci mens u s i ng a di amond bl ade 

and di sti l l ed water as a cool ant/l ubri cant . Can i sters Z2 and Z4 y i el ded spec

i mens that had very few gas-bubbl e hol es, al though the speci mens from the 

upper l evel from can i ster Z2 were very fri abl e .  The speci men s  from Can i ster 

Z5 contai ned several gas-bubbl e hol es . The speci men s  from the u pper (5-foot) 

l evel contai ned the l argest hol es . Exampl es of the typi cal speci men s and 

those with a moderate amount of bubbl es are shown i n  Fi gure 2 .  D i mens i ons,  

surface areas ,  wei ghts, and a descri pt i on of the  speci men s  are l i sted i n  

Tabl es 4, 5 and 6 for can i sters Z2, Z4, and Z5, respect i vel y .  Al l speci men s  

that were tak en from the cores are l i sted i n  the tabl es,  even though they were 

not al l u sed i n  th i s  study .  Becau se the speci mens mu st be wei ghed i mmedi atel y 

before and after l each test i n g, the wei ghts of non-used speci men s  are not 

i ncl uded i n  the tabl es . The non-u sed speci men s  remai n ava i l abl e for further 

tests or experi ments i f  des i red. 
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The reference spec i mens were prepared i n  a s i mi l ar manner and are 

described i n  Tabl e 7. 

TABLE 3. VI TRI F IED ZEOLI TE LEACH-TEST MATR I X  

Spec i men SQec i men I dent i f i c at i on s  
Sourcea 3-0a� 7-oa� 14-0a� 28-0a� 

Mi dQl ane and Referenceb 

Z2-3 2 ( 3 ) 15a ( 14 )  8 ( 14} 1,2,3 ( 28 )  
Z4-3 1 ( 3} 12a ( 14 )  2 ( 14} 6,15 (28 )  
Z5-3 SH2M3 16a ( 14 )  10 ( 14 )  7,8,9 ( 28 )  
Bl ank 5,8 ( 3 )  5,14 ( 14 ) 5,14 (28} 
76-68 6 ( 3} 4 ( 14} 4 ( 28 )  
ZVOP-4 4 ( 3 )  13 ( 14 )  13 (28 )  

Can i ster ToE and Bottomc 

Z5-1 9 ( 3} 17b ( 14 ) 11 ( 14 ) 18 (28} 
Z5-5 7 ( 3 )  18a ( 14 )  6 ( 14 )  17 (28} 

Z2-1 16b ( 14 )  9 ( 14 )  16 ( 28 )  
Z2-5 17a ( 14 )  7 ( 14 )  12(28} 
Z4-1 15b ( 14 )  3 ( 14 )  11 ( 28 )  
Z4- 5 12b ( 14 )  1 ( 14 )  10 (28 )  

a. Can i ster-core i dent i f i c at i on:  ZX-Y, X= can i ster number, 
Y = core l oc at i on i n  feet from bottom of can i ster. 
Blank= deaerated water onl y. 76-68 = MCC 76-68 refer
ence gl ass. ZVOP-4 = nonradi oact i ve s i mul ated vitri fi ed 
zeol i te .  

b. Matri x i s  MCC- 1P, Matri x B ;  i . e. , 28-day, 90°C matri x 
wi th  one sampl e each at 3, 7, and 14 days and tri pl i cate 
s ampl es at 28 days. One 28-day sampl e was omi tted from 
c an i ster Z4-3 becau se of l i mi ted test space. 

c .  MCC-1P, Matri x B was modi f i ed by conduct i ng s i ngl e  28-day 
test and omi tt i ng the 3-day spec i mens from some cores. 
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CL2 Cll 6 (28) Canister Z4 

Extra SH2T3 SH2T2 Can i ster Z5 

Figure 2. Exampl e of spec i men s wi th  bubbl e hol es from c anister 
Z5 ( 5-foot l evel ) and wi thout hol es from can i ste� 
Z4 ( 3-foot l evel ) .  
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TABL E  4 .  DESCRI PTION OF SPECI MENS FROM CANI STE R  Z2 

Specimen Core Distance from Canister Dimensions (mm) Su rface Area Weight 
Number a Locatlonb Surface <mm)c Th lckness Diameter (mm2)d <g> Condition 

9(14> Z2-l 
9�5 � 1.23 12.88 310.4 0.4144 No bubbles 

16(28) 1.18 12.aa 308.3 0.3871 No bubbles 
16b<l4) 11.0 f 1.22 12"88 294.5e 0.3573 No bubbles, broken edge 
SHIBI 83 } 1.23 12.75 289.4e No bubbles, broken edge 
SHIB2 81.0 1.25 12.75 290.Ie No bubbles, broken edge 

3(28) Z2-3 <Core I) 

"1 
1.13 12.71 298.9 0.3681 No bubbles 

2(3) 14.3 1.13 12.71 298.9 0.3831 No bubbles 
8(14) 15.8 1.19 12.71 301.3 0.3922 No bubbles 
15aC 14) 17.3 1.23 12.71 302.9 0.4084 No bubbles 
2<28) 18.9 I. II 12.71 298.1 0.3559 No bubbles 
I C28l Z2-3 <Core 2> 6 1.27 12.70 304.0 0.3580 One bubble,-! mm dl ameter 
CHI I 

" ! 
'· 18 12.70 300.4 No bubbles 

CH12 42.9 1.27 12.70 304.0 One bubb I e, -1 mm dl ameter 
SHIM I 41.4 1.-21 12.69 301.2 No bubbles 
SH1M2 38.4 1.09 12.69 296.4 One bubble, -1 mm diameTer 
SHIM3 36.9 1.28 12.73 305.7 One bubble, -1 mm diameter 

7( 14) Z2-5 70 1.22 12.66 300.3 0.3910 No bubbles 
17aC 14) 68.3 1.13 12.71 298.9 0.3683 No bubbles 
12(28) 66.9 1.13 12·. 70 298.4 0.3850 No bubbles 
SH1TI 65.4 1.19 12.73 302.1 No bubbles 
SH1T2 63.8 1.16 12.70 299.6 No bubbles 

a. IdentificaTion was based on original IntenT for specimen. XCYY>. X= oven position number, YY = 3, 14, or 28-day 
tests series; Xla or bl<l4>: a= 1st 7 days of 14-day tesT period, and b 2nd 7 days of 14-day test period; 
CHII = chemical sample; CH22 = SEM sample; SH = spare specimen. 

b. Z2-X: X IndicaTes axial locaTion of core In feet from bottom of canister Z2; e.g. • for X = 3, the core was taken 
from the 3-foot level. 

c. First· number (withouT decimal) In a series Is an estimate to ±3 mm of the midplane of the specimen with respect to 
the Inner su rface of the canister. Numbers wiTh decimal are wiTh respecT to first specimen/number In the series. 

d. No correction was made for presence of bubbl� because esTimates of area change Indicated that Individual specimen 
areas would change by less than ±2% of a solid 

-
disc specimen. 

e. Area adjusted to 95% of solid disc because of chip off side. 



TABLE 5. DESCRIPTION OF SPECIMENS FROM CANISTER Z4 

Specimen 
Number a 

3 (14) 
15b(14) 
11(28) 
SLB1 
SLB2 

6(28) 
Cll 
CL2 
12a(14) 
15(28) 
SLM3 
SLM1 
SLM2 
2( 14) 
1 (3) 

1( 14) 
12b( 14) 
10(28) 
SL T1 
SL T2 

Core 
Locatlonb 

Z4-1 

Z4-3 

Z4-5 

Distance from Canister 
Surface (mm)c 

25 
28.6 
30.1 
33.1 
34.7 

13 

4��2 \ 
44.4 
46.0 
47.6 

7;�7 1 
73.2 � 
71.7 

32 
33.2 
34.8 
36.3 
37.9 

DImensIons (mm) 
Thickness Diameter 

1.25 
1.21 
1 .12 
1.18 
1.17 

1.13 
1.19 
1.25 
1.25 
1.27 
0.89 
1.13 
1.14 
1.25 
1 .12 

1.16 
1.26 
1.16 
1 .11 
1.23 

12.71 
12.68 
12.68 
12.70 
12.64 

12.79 
12.69 
12.75 
12.74 
12.74 
12.70 
12.73 
12.70 
12.71 
12.73 

12.74 
12.78 
12.78 
12.76 
12.78 

Surface Area 
(mm2)d 

303.7 
300.8 
297.2 
330.4 
292.4 

298.0 
300.4 
305.4 
305.0 
305.8 
288.9 
299.7 
298.8 
303.7 
299.3 

301.4 
307.1 
303.1 
300.3 
305.9 

Weight 
(g) 

0.4140 
0.4055 
0.3699 

0.3742 

0.4143 
0.4220 

0.4123 
0.3738 

0.3769 
0.4016 
0.4176 

Condition 

No bubbles 
No bubbles 
No bubbles 
No bubbles 
No bubbles 

No bubbles 
No bubbles 
No bubbles 
No bubbles 
No bubbles 
No bubbles 
No bubbles 
No bubbles 
No bubbles 
No bubbles 

No bubb I es 
No bubbles 
No bubb I es 
No bubbles 
No bubb I es 

a. Identification was based on original Intent for specimen. XCYY): X= oven position nu mber, YY = 3, 14, or 28-day 

test series; Xla or bl{14): a = 1st 7 days of 14-day test period, and b =2nd 7 days of 14-day test period; CL1 = 
chemical sample; CL2 = SEM sample; SL = spare specimen. 

b. Z4-X: X Indicates axial location of core In feet fro m  bottom of canister Z4. 
c. First number (without decimal) In a series Is an estimate to ±3 mm of the midplane of the specimen with respect to 

the Inner surface of the canister. Numbers with decimals are with respect to the first specimen/number In the 
series. 

d. No correction was made for presence of bubbles because estimates of area change Indicated that Individual specimen 
areas would change by less than ±2% of a solid disc specimen. 
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TABLE 6 .  DESCR I PTION OF SPECI MENS FROM CANI STER ZS 

Specimen 
Number a 

Core 
Locatlonb 

9<3l Z5-1 
17b(914) 
11( 14) 
1i!l 28) 
SH281 
SH282 
SH2B3 

CH21 ZS-3 <Core 1 l 
CH22 
SH2M1 
SH2"12 
7( 28) ZS-3 <Core 3) 
3(3) 

10( 14) 
16a (14l 
8(28) 
SH2M3 
9(28) 

7<3) 
6(14) 
18a (14J 
17(28) 
SH2T1 
SH2T2 
SH2T3 

ZS-5 

Distance from Canister 
Surface (mm)c 

60 
61.9 
63.4 
64.9 
66.4 
67.9 
69.5 t 

51 ! 52.3 
53.7 
55.2 

32 
33.2 

34.7 
36.3 
37.9 
39.4 
42.5 

19 
23.8 
25.3 
26.8 
28.2 
29.7 
31.2 

Dimensions (mml 
Thickness Diameter 

1.22 
1.18 
1.16 
1.19 
1.21 
1.22 
1.22 

1.16 
1.09 
1.18 
1.30 
1.16 
1.16 

1.21 
1.27 
1 .. 21 
1.19 
1.24 

1.17 
1.17 
1.17 
1.17 
1 .14 
1.17 
1.17 

12.73 
12.73 
12.73 
12.75 
12.80 
12.80 
12.75 

1 I. 76 
11.96 
11.99 
I 1.96 
12.75 
12.75 

12.74 
12.75 
12.73 
12.75 
12.75 

12.71 
12.73 
12.70 
12.70 
12.70 
12.73 
12.70 

Surface Area 
(mm2)d 

303.3 
301.7 
300.9 
303.0 
306.0 
306.4 
304.2 

260.1 
265.6 
270.3 
273.5 
301.8 
301.8 

303.4 
306.2 
302.9 
303.0 
305.0 

300.5 
301.3 
300.0 
300.0 
298.8 
301.3 
300.0 

Weight 
<a> 

0.3948 
0.3714 
0.3684 
0.3648 

0.3596 

Conditione 

A few bubbles to 1.5 mm diameter 
A few bubbles to 1 mm diameter 
A few bubbles to I mm diameter 
Three bubbles to 3 mm diameter 
Four bubbles to 3 mm diameter 
A few bubbles to 1.5 mm dlamete 
A few bubbles to 1 mm diameter 

Four bubbles to 1 mm diameter 
Three bubbles to 1 mm diameter 
One bubble�! mm d iameter 
Two bubbles to 1 mm diameter 
No bubbles 

Sample lost One bubble�! mm diameter 

0.3853 
0.4063 
0.3878 
0.3847 
0.4071 

0.3827 
0.3647 
0.3725 
0.3695 

No bubbles 
One bubble�! mm diameter 
No bubbles 
One bubble�! mm diameter 
No bubbles 

Four bubbles to 1.5 mm diameter 
A few bubbles to 1.5 mm dlamete 
A few bubbles to 1 mm diameter 
A tew bubbles to mm diameter 
A few bubbles to mm diameter 
A tew bubbles to mm diameter 
A few bubbles to mm diameter 

a .  Identification was based on orlalnal Intent tor the specimen. X(YYl : X= oven position number, Y Y  = 3 ,  14, or 28-day tesT 
seri es: X(a or b l(l4l: a = 1st 7 days of 14-day test period, and b = 2nd 7 days of 14-day test period; CH21 = chemica l 
sample; CH22 = SEM sample; SH = spare specimen. 

b. ZS-X: X Indicates axial location of core In feet from bottom of canister zs. 
c. First number (without decimal) In a series Is an estimate to ±3 mm of the midplane of the specimen with respect to the inne· 

surface of the �anlster. Numbers with decimal are with respect to the first specimen/number In the series. 
d. No correction made for presence of bubbles. 
e. "A few" means greater than 4 but less than 10. 
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TABLE 7 .  DESCRIPTION OF NONRADIOACTIVE REFERENCE SPECIMENS 

Spec i men  Number 

4 ( 3) 

13 ( 14) 

13 ( 28) 

ZVDP-Extra 

6 ( 3) 
4 ( 14) 
4 ( 28) 
76-68-Extra 

Standard 
Identi fi cati on 

ZVDP-4b 

ZVDP-4 

ZVDP-4 

ZVDP-4 

76-68-303c 

76-68-303 
76-68-303 
76-68-303 

D i me n s i on s  (mm) 
Thickness  Diameter 

1 . 20 12 . 90 to 12 . 95 

1 . 2 1  

1 . 22 

1 . 19 

Wi dth 

10 . 06 
10 . 08 
10 . 10 
9 . 99 

12 . 90 to 12 . 9 5  

12 • 90  to 12 • 9 5 

12 . 90 to 12 . 9 5  

Hei gh t  

9 . 98 
10 . 00 
10 . 08 
9 . 99 

Length 

2 . 52 
2 . 55 
2 . 53  
2 . 50 

Surface 
Area ( mm2) 

311 . 1  

311 . 5  

312 . 0 

310 . 7  

301 .8  
304 . 0  
305 . 7  
299 . 5  

We i ght  ( g)a 

0 . 4035 ( 0 . 4047) 

0 . 4098 ( 0 . 4102) 

0 . 4100 ( 0 . 4105) 

( 0 . 4044) 

0 . 7 209 ( 0 . 7 218) 
0 . 7 345 ( 0 . 7 349) 
0 . 7276 ( 0 . 7 279) 

( 0 . 7202) 

a .  The fi rst wei gh t  l i sted is as-measured  i n  the hot cel l  and was used for cal cu l ati ng  wei gh t  l os s  
duri ng the experi ments . The second wei ght  was measured i n  the l aboratory and  i s  l i sted to  show 
the accuracy of the i n -cel l i ns trument  even though i t  i s  subject to degradat i on i n  the 
radi oact i ve fi el d. 

b. Reference materi al  is nonradi oac t i ve s i mu l ated vi tri fi ed  zeol i te ZVDP- 4 .  
c .  Reference materi al i s  MCC 76-68 gl ass  from Bar 303 . 



Testing Equipment 

The  expected degradatio n of  sta ndard Tefl o n®a co ntainers in the  radiatio n 

e nviro nment of  the hot cel l necessitated the design o f  quartz l each  c o ntain

ers . The geometric restrictio ns of  tra nsfers into the  hot cel l s required 

smal l special ove ns . This special ized equ ipment is described bel ow . The 

s t a ndard equipment u sed during the  testing is l isted in  Appendix A .  

E nviro nme ntal Chambers . Two special l y  designed ove ns were bu il t for u s e  

i n  t h e  hot-cel l l eac h tests . Eac h ove n co nsisted of  a stack  of  al uminum  

pl ates  with nine cavities for specime n co ntainers . Eac h cavity h ad a l ead 

l iner to increase the heat capacity of  the ove n .  Ove n heating was provided 

with two c artridge-type heaters l oc ated in the bottom al uminum pl ate .  The 

al uminum stack  was 25 x 25 x 1 0  em with asbestos insul atio n  o n  the  s ides , top, 

a nd bottom. A stainl es s steel shel l e ncl osed the ove n . Inl et a nd outl et 

ports were provided to permit the  fl ow of argo n through the  s pecimen cavities 

during the  test s . The temperature of each ove n  body was measured with three 

c hromel -al umel thermocoupl es a nd was co ntrol l ed with o ne iro n-co nst a nta n  

thermocoupl e .  Located out-o f-cel l were two LOVE co ntrol l ers , o ne for eac h 

ove n ,  to maint ain co nst a nt ove n temperature , a nd a Fl uke  data  l ogger which  

recorded t he  ove n  temperatures o n  paper t ape at  a sel ected frequency . The 

testing arra ngement for the  hot-c el l l eac h t est s is shown in  Figure 3. 

During hot-cel l l each testing, the  ove n  body temperature was measured a nd 

co ntrol l ed to e nsure that specimen cavity temperatures were maintained at 90 

±2 °C . The ove n c al ibratio n  procedure a nd data for e nsuring that the specime n 

c avity temperatures were within the  s pecified l imit s are presented in  Appen

diX B. 

a .  ®Tefl o n  is a registered trademark of E .  I. du Po nt de Nemours a nd Compa ny . 
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FLUKE 22408 
DATA LOGGER 

LOVE 
IRON-CONSTANTAN 

CONTROLLER 
THERMOCOUPLE 

MODEL '\. l 51-886 

CHROMEL-ALUMEL '\-.,---;----' 
THERMOCOUPLES 

\ 

OUTLET 

FOR 

ARGON 

ONE 100 W HEATER IN EACH HOLE IN OVEN 

Figu re 3 .  Ovens  for l eac h tests . 

Leac h Containe r .  The hot-cel l l eac h containers  were mated pairs of  cl ear  

fu sed quartz standard inner  and outer taper joints , size 40/50 .  T he  outer 

joint (i .e . ,  top of  the l eac h container )  was fused at the top , the inner  joint 

(i . e . , the  bottom of  the l each container )  was fu sed at the bottom. An hou r

gl ass  s hape hol der al so  made from quartz was u sed to position the spec imen in 

the l eac h container .  Th e l each container was seal ed by wrapping a st rip of  

Para  Fil m 11W®a approximatel y 6 mm wide a round the bottom of the container  and 

permitting the material to soften i n  the oven after mating the two h alves of 

the 1 each container. 

Th e design of  the container  permitted a maximum l o s s  o f  9 ml of  l eac hant 

du ring at-temperatu re testing  befo re the specimen bec ame uncovered by 

1 each ant . 

a .  ®Registered t rademark of  Americ an Can Co mpany , Dixie/Ma rathon , Greenwic h ,  
Connecticut , 06830. 
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Descri pt i on of  Leachant 

The l eachant u sed i n  al l the tests was di st i l l ed, deaerated water. The 

water was deaerated by bubbl i ng argon through the di st i l l ed water for 15 mi n 

utes at room temperature. On e batch of  l eachant , u sed i n  t h e  14-day tests and 

some of the 7 -day tests, was di scovered to have been sl i ghtl y contami nated 

wi th  bri ne  duri ng  the deareat i on.  Judgi ng  from the resul ts, th i s  contami na

t i on apparentl y had no effect u pon the di s sol ut i on characteri st i c s  of  the 

vi tri fi ed zeol i te; l each test data were bl ank-corrected appropri atel y i n  c al 

c ul at i ng the  sodi u m  el ement al mas s  l o ss.  Because  of the di ffi c ul ty of  hot 

c el l experi mentat i on ,  no attempt was made to purge the 5 to 10 ml of res i dual 

a i r  from the spec i men conta i ners. 

An al yt i c al Tech n i ques  

The 26 el ements rout i nely anal yzed on radi oact i ve materi al s by i nduc 

t i vel y-coupl ed pl asma ( I CP )  spectrometry ( Appendi x D )  were determi n ed anal y

t i c al l y u s i ng a l ead-sh i el ded Appl i ed Researc h  Laboratori es Model 3400 I C P  

anal yzer. The as-cast materi al spec i mens were prepared for anal ys i s  by fus i on 

i n  both KOH i n  a n i ckel cont ai ner and Na2o2 i n  a zi rcon i um contai ner at red 

heat fol l owed by di ssol u t i on i n  di st i l l ed water. The resul ts  of the anal yses  

were averaged (Tabl e C- 1) .  

The 137cs  concentrat i on i n  the  as-c ast materi al spec i men was determi ned 

by gamma ray spectrometry on smal l ( �10 mg) pi eces of  vi tri f i ed zeol i t e  and 

al so on the  fused and di ssol ved materi al . The resul ts  of the anal yses were 

averaged ( Tabl e C-2).  The 137cs  concentrat i on i n  the l eachate  was al so deter

mi ned by gamma ray spectrometry, u s i ng a standard geometry of  15 ml of  l each

ate i n  a 25 ml standard pol yethyl ene bottl e. 

M icrostructural exami nat i on o f  radi oact i ve vi tri f i ed zeol i te spec i mens, 

both as-cut  from the can i ster and after a 28-day l eac h test, was conducted 

u s i ng scann i ng el ectron mi croscopy (SEM) . The i n strument was a JEOL 35C SEM, 

spec i al l y s h i el ded for MCC u se  wi th  ful l y  radi oact i ve spec i mens.  The zeol i t e  
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spec imens were mounted in the hot cel l for mic roscopy ,  and t ran sferred to the 

SEM u sing a tungsten al l oy t ran sfer  devic e .  I n-cel l l eac h-tested non radio

active vit rified zeol ite and MCC 76-68 gl ass  were al so examined as  reference 

material s .  
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TEST RESULTS 

The bas i s for compari son of the l each test resul t s , a summa ry of the 

l each resul ts , results of the SEM exami nat i on s ,  and vi tr i fi ed zeol i te den s i 

t i es a re presented i n  the fol l owi n g  sub sect i on s .  

Bas i s  for Compari son 

The l each test resul ts  a re compared i n  terms of no rmal i zed we i ght l o ss 

( i . e . , g rams of materi al l eached per square meter of s peci men su rface a rea) 

and normali zed el emental wei ght l oss . Fo r the non rad i oact i ve el ements , the 

normali zed wei ght l os s , ( NL)i , was cal cul ated from the equ at i on 

= ( ppm - b lan k) (grams l eachate) 

(fi ) (SA) 

where 

p pm - b lan k 

g ram 1 eachate 

f. 1 

SA 

= 

= 

= 

= 

I CP analys i s for element by wei ght i n  l eachate 

mi nus  analys i s  for the app rop ri ate bl an k 

fi n al wei ght of l eachate 

fract i on of el ement i n  s peci men by wei ght 

d i mens i onal su rface a rea of s peci men i n  squ are 

meters . 

The i ndi vi dual fi val ues fo r the s peci men materi al s a re l i sted i n  Tabl es C-1 

and C- 3 .  The fi fo r el ements determi ned by I CP was determi ned u s i n g  the 

average values for anal yses of two s peci mens p repared by fu s i on of nonl eached 

gl ass (Tabl e C-1). The bl ank anal yses are l i sted wi th the l each resul ts  i n  

Append i x  D .  Becau se no bl ank was run fo r the 7-day tests , i nterpol ated val ues 

from other test i n g  peri ods were u sed .  
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The 1 37c s  resul t s  were c al c ul ated from t he  equat i on 

(NL) i 

where 

a; 

wo 

ao 

SA 

= 

= 

= 

= 

act i vi ty/ml of l eachate  t i mes  the vol ume of l eachat e  i n  ml 

weight of spec i men i n  grams 

activi ty/mg of control sampl e times the  weight of the  

specimen in mg 

di men s i onal surface area of s pecimen in square meters . 

The fi val ues  for 1 37cs  were determi ned by averagi ng  the  count i ng resul t s  of 

t he two I CP fu s i on s  and the  counting  of a sol id piece of nonl eached gl ass  

(Tabl e C-2). The  resul tant averages for 1 37cs , 166 to 190  �Ci /mg, compare 

favorabl y wi t h  t hat expected to be  present b ased on t he  initial cesium  l oading 

i n  the  TMI 1 i ners. 

Summary of Resul t s  

Summari es of the l eac h resul t s  for the  vitrified zeol ite a nd  t he  refer

ence gl asses  are presented in Tabl es  8 and 9 .  For the  vitri fied zeoli t e ,  the  

leach values for all specimens for each  l eac h period have b een averaged,  

bec au s e  no s i gnifi cant  systematic difference was found  b etween spec i men s .  The 

i ndi vi dual experimental parameters , weight l os s , and pH  resul t s  for t he  3- , 7-

, 14- , and 28-day tests  are summarized in Tabl e s  D- 1 , - 2 ,  - 3 ,  and - 4 ,  res pec

t i vel y .  I n di vi du al I CP anal ytic al resul t s  and the resul tant  (NL ) ; val u es for 

the  tests are l isted in Tabl es  D- 5 ,  - 6 ,  - 7 , and -8 .  Gamma s pectroscopy 

resul t s  for 1 37c s  for the  individual tests  are l i s ted i n  Tabl e D-9 .  The s um

mary for the radi oact i ve vitri fi ed zeol ite (Tabl e 8) represents average val ue s  

from wh i c h  ques t i onabl e data h a s  been omitted. 

In some cases , suc h as sampl e 5{3) from t he  3-day test s eri es , the fu sed 

quartz  l each container b roke du ring the  test . I n  other cases , such  as  s ampl e 
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TABLE 8. SUMMARY OF LEACH RESULTS FOR RADIOACTIVE VITRIFIED ZEOLITE 

Average Leaching Result (g/m2) 
3-DaJ:: Tests 7-DaJ:: Tests 14-DaJ:: Tests 28-DaJ:: Tests 

Standard Standard Standard Standard 
Devia- De vi a- Devia- Devia-

Item {NLh tion {NL} � tion {NL) � tion (NL); t ion 

Weight 
1 ass 3.1 1.6 6.7 0.9 5.9 2.0 7.0 0.6 

Al 5.0 0.9 6.8 0.8 7.1 0.5 7.5 1.1 
B 5.0 0.8 7.8 0.8 8.4 0.8 9.5 1.2 
Ba __ a 0.4 0.2 0.5 0.4 1.0 1.0 
Ca 2.5 0.4 2.2 0.2 2.3 0.3 1.0 0.7 
Ce [12 .4 Jb 7.2 
Cr [2 .5 J 0.8 [3.2] 0.7 [5.7] 1.3 
Dy 
Fe 0.1 [0.3] 0.2 7.0 2.5 0.1 0.4 
K 5.4 3.2 4.6 1.7 7.2 3.7 
La 
Li 6.1 0.6 8.2 0.7 8.9 0.5 9.6 1.6 
Mg 1.9 0.3 1.4 0.6 0.6 0.6 
Mn 
Mo 
Na 4.3 0.7 5.8 1.1 5.8 0.7 6.9 1.1 
Nd [21.0] 8.8 
Ni [9.0] 4.6 
Rh [20.9] 12.6 
Ru 
Si 6.1 0.8 8.6 1.6 9.9 2.0 7.7 2.0 
Sr 2.2 0.6 3.2 0.4 3.0 0.5 2.5 0.6 
Te 
Ti [0 .1 J 
Zn  

13�s 6.4 1.1 8.6 1.1 9.1 1.1 9.4 1.2 

a. Dash (--) indicates that either (NL)i <0.05, was negative after correc-
tion for blank, or analyses of original material was not available to 
calculate f·; data omission indicates element not detected. 

b. Brackets [ J indicate that this average pertains only to specimens with 
determined value; not all specimens indicated a value. 
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TABLE 9. SUMMARY OF LEACH RESULTS FOR REFERENCE MCC 76-68 AND ZVDP-4 
GLASSES 

�NL}� (91m2) 
MCC 76-68 ZVDP-4 

3-Day 14-Day 28-Day 3-Day 14-Day 28-Day 
Item Test Test Test Test Test Test 

Weight 2.0 6.5 8.8 1.3 7.4 7.1 
1 oss 

Al 3.3 0.9 21.1 4.8 9.0 9.4 
B 6.5 14.3 0.3 3.5 9.0 10.2 
Ba 0.7 0.3 0.4 --a 0.4 1.6 
Ca 3.4 2.0 1.4 1.5 
Ce 
Cr 0.6 9.9 
Dy 
Fe 0.1 1.0 
K 
La 
Li 4.7 9.1 9.7 
Mg 5.2 0.3 
Mn 
Mo 
Na 7.5 13.0 21.8 4.6 7.8 9.5 
Nd 
Ni 
Rh 
Ru 
Si 11.4 24.2 40.2 5.4 10.5 12.6 
Sr 3.7 2.4 0.9 1.8 
Te 
Ti 0.1 
Zn 
Zr 6.3 

a. Dash (--) indicates that either (NL)i <0.05, was negative 
after correction for blank, or analyses of original 
material not available to calculate fi. Data omission 
indicates element not detected. 
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TABLE 10. SUMMARY OF ADEQUACY OF TEST RESULTS 

Loss Specimen Normalized 
Mass Loss of Water Weight Change (NL)Si Co nc l u s i o n a Test Nurmer {g) {%} 

1 (3) 1.40 0.37 6.8 All O K  
2 (3) o.oo 0.31 7.4 All O K  

�g� 0.05 0.36 5.7 All OK  
1.55 0.10 5.4 Chern. O K, weight NG 

5 (3) All All NG 
6 (3) 0.35 0.08 11.4 Chern. O K, weight NG 
7 (3) 0.90 0.08 5.3 Chern. O K, weight NG 
8 (3) (blank) +0.05 All O K  
9 (3) +0.05 0.10 5.4 Chern. O K, weight NG 

1 (14) 0.70 0.53 11.8 All O K  
2 (14) 0.50 0.51 13.1 All O K  
3 (14) o. 75 0.70 9.9 All O K  
4 (14) 0.95 0.27 24.2 All O K  
5 (14) (blank) 0.30 All O K  
6 (14) 23.40 All NG 
7 (14) 0.35 0.51 9.4 All O K  
8 (14) 2.40 0.28 9.8 All O K  
9 (14) 0.40 0.31 11.3 All O K  
10 (14) 1. 70 0.23 7.0 All O K  
11 (14) 5.10 0.57 7.2 All O K  
12a ( 14) 0.15 0.56 8.1 All OK  
12b (14) 2.30 0.55 8.2 All O K  
13 (14) 0.05 0.56 10.5 All OK  
14 (14) (blank) 1.35 All O K  
15a ( 14) 0.25 0.52 9.2 All OK  
15b (14) 0.20 0.47 11.7 All O K  
16a (14) 1.60 0.02 0.1 Specimen NG 
16b (14) All 0.20 All NG 
17a (14) 0.35 0.35 9.0 All O K  
17b (l4) 0.65 0.43 7.5 All O K  
18a (14) 0.85 0.56 6.2 All OK  

1 (28) 8.00 0.67 7.4 All O K  
2{28) 21.30 0.62 6.4 All NG, exposure 

time unknown 
3 (28) All 0.08 All NG 
4 (28) 0.35 0.37 40.2 All O K  
5 (28) (blank) +0.05 All O K  
6 (28) 0.65 0.67 5.3 All O K  
7 (28) All 0.25 All NG 
8 (28) 2.00 0.08 9.7 Chern. O K, weight NG 
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TABLE 10. (continued) 

Loss Specimen Normalized 
Mass Loss of Water Weight Change (NL) Si Test Number {g} {%} Conclusion 

9 (28) 18.60 0.52 7.7 All NG, exposure 
time unknown 

10 (28) 0.35 0.53 8.5 All OK 
11(28) 1.05 0.49 11.6 All OK 
12 (28) 3.35 0.52 5.4 All OK 
13 (28) 1.15 0.54 12.6 All OK 
14 (28) (blank) All All NG 
15 (28) 17.40 0.43 5.6 All NG, exposure 

time unknown 
16 (28) 2.30 0.54 7.3 All OK 
17 (28) All 0.11 All NG 
18 (28) o.oo 0.49 6.6 All OK 

a. All OK= all data acceptable. 
Chern. OK = chemistry data acceptable. 
All NG = all data unacceptable due to leachant loss (for those con
tainers having less than two-thirds the original water, the specimen was 
exposed at an unknown time). 
Weight NG = weight measurement not consistent with chemistry 
measurements. 
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15{28) from the 28-day test series, the leach container seal leaked to the 

extent that the specimen was uncovered at an unknown time during the test. 

For both of these cases, the leach results were not included in the evaluation 

of results presented in the next section of this report. Table 10 summarizes 

the adequacy of the test results based upon water loss, specimen weight change 

(a clue as to whether the specimen was uncovered during the test), and chemi

c� analysis for silicon in the leachate. In addition to those sam�es for 
which the leach time was unknown, a single sam�e, 16a{14), yielded results 

significantly different from similar specimens. For this case the leaching 
was very small compared to other specimens and the results were not included 

in the results in order to be conservative. 

Results from Scanning Electron Microscopy 

The microstructure and phase characteristics of radioactive vitrified 
zeolite specimens from canister Z2 are shown in Figures 4 and 5, both as-cut 

before leaching (specimen CH12), and after a 28-day leach test {specimen 

1-28), respectively. Most of the sharp fracture edges initially present on 

the raw cut surface have been removed by the leaching action, but otherwise 

the surface appears to be largely unetched. The leached specimen of non

radioactive vitrified zeolite (Figure 4) is very similar in appearance to the 
radioactive material after 28 days of leaching, consistent with their very 

similar leach test analytical results. The MCC 76-68 glass (Figure 5) also 
shows some edge-rounding effects of leaching, but displays considerably more 

structural character than do the zeolites. This difference may be indicative 

of more active leaching for the glass after leaching 28 days, as evidenced by 

the mass 1 oss data. 

No evidence of second phases or component separation was found in the 
radioactive vitrified zeolite. 

Vitrified Zeolite Density 

The geometric density of the vitrified zeolite specimens from each of the 

three canisters is listed in Table 11. The lower density for specimens from 
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Specimen CH12 Specime n  1{28) 
( as-cut ,  before l eaching) ( after 28-day l each test) 

Figure 4 .  Microstructure of  radioactive vitrified zeol ite specimens from 
middl e l evel of ca nister Z2 . [Sca nning el ectro n micrographs ;  
orginal s at  lOOOX {u pper) a nd 5000X ( l ower). ]  
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Specime n 13{28 )  
( vitrified zeol ite ZVDP- 4 )  

Specimen 4{28 ) 
(MCC 76- 78 gl as s )  

Figure 5. Microstructure of  no nradioactive refere nce specimens after 
28-day l each tests in hot cel l ove ns. [Sca nning el ectro n 
micrographs;  original s at lOOOX (u pper) a nd 5000X ( l ower).] 
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c a nister Z- 5 is probabl y the resul t of  gas bubbl es in the gl ass  (Tabl e 6). 

The density of the radioactive vitrified zeol ite is simil ar to that of the 

reference ZVDP-4 . 2 

TABLE 11. DENS ITY OF SPEC IMENS 

Number o f  Density Sta ndard 
Ca nister S�ec ime ns ( g/cm3) Deviatio n 

Z- 2 10 2 .61 0 .07 

Z- 4 11 2 . 61 0 . 08 

Z- 5 14 2 . 5oa 0 .05  

a .  Geometric density incl udes co ntributio n  
o f  bubbl es;  no correctio n was made for 
presence of  bubbl es . 
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DISCUSSION OF RESULTS 

The leach results on the materials from the three radioactive vitrified 

zeolite canisters are compared by level within the canister, between canis

ters, to each other, and to leach results from nonradioactive glasses MCC 

76-68 and ZVDP-4, measured both in- and out-of-cell. 

Comparison of Leaching by Level in the Canisters 

A comparison of the normalized weight loss of specimens from different 

levels of the three canisters as a function of the leaching period is shown in 

Figure 6. Comparisons of the normalized elemental weight loss of the primary 

glass-formers, silicon, boron, and sodium, with the radioactive fission pro

ducts strontium and 137cs for specimens from the different levels of the three 

canisters are shown in Figures 7, 8, 9, 10, and 11, respectively. The compar

isons do not reveal any significant pattern. 

Comparison of Leaching between Canister Materials 

Comparison of the leach results for specimens from the three canisters 

did not reveal any pattern (Figures 6 through 11) with respect to location 
(level) of the specimens within the canisters. Therefore, the individual 

values for each canister were averaged to permit a comparison between canis

ters. Averaged results for normalized specimen weight loss and normalized 

elemental weight 1 oss for silicon, boron, sodium, strontium, and cesium are 

shown in Figures 12 through 17. Individu� averaged v� ues and standard 

deviations are included in Appendix D. Again, no significant differences in 
1 each behavior were observed. 

The ranges in values for the leach results were wider than those for the 

simulated nonradioactive vitrified zeol ite,2 possibly indicating that the 

radioactive glass is more heterogeneous than the nonradioactive �ass. Based 

on the overlap in range of the results, it can be concluded that there are no 

differences in 1 each behavior between the materials in the three canisters. 
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Comparison of Leaching : Vitrified Zeal ite and Reference Glasses 

Because there are no significant differences between the leaching behav

ior of the material in the three canisters, all the radioactive vitrified zeo

lite results were averaged for comparison to the reference MCC 76-68 and 

ZVDP-4 glasses. The comparisons for normalized specimen weight loss and nor

malized elemental weight loss for silicon, boron, and sodium, are shown in 

Figures 18 through 21. The results of leaching of 137cs from the radioactive 
vitrified zeolite are compared to leaching of nonradioactive cesium from 

MCC 76-68 and ZVDP-4 in Figure 22. 

The averaged values for the radioactive vitrified zeolite are lower than 

any of the nonradioactive materials, in all cases, after 14 days of leaching. 

However, the range of leach results for the radioactive vitrified zeolite 

often ove� aps the leach v� ues for the in-cell measu rements for ZVDP-4, indi
cating that the leach behavior of the radioactive and nonradioactive vitrified 

zeolites are comparable. As was observed for the ou t-of-cell measurements,2 

the leach rate of the vitrified zeolite, both radioactive and nonradioactive, 

was lower than that of the MCC 76-68 reference glass. 

The difference in leach behavior between the in-cell and out-of-cell mea

surements for the ZVDP-4 glass might be attributable to the presence of sil i

con from the fused quartz specimen container. If the silicon analyses for the 

blanks are added to the silicon content for the in-cell measurements on the 

ZVDP-4 glass, the resultant sums are comparable to the silicon leached during 

ou t-of-c� l measurements on ZVDP-4 glass. The silicon content of the leachant 

at any time might affect the leaching of the glass. However, this interpreta

tion is speculative because silicon leaching of the MCC 76-68 glass was higher 

in-cell than ou t-of-cell. 

The leach rate of 137cs in-cell from the vitrified zeolite was comparable 

to the leach of the glass-formers ( Figure 23 ). The same correlation was 
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Fi gure 23.  Compari son  of l each behav i or of gl ass-formers a nd 
f i s s i o n  products i n  rad i oact i ve v i tri fi ed zeol i t e .  

observed i n  t h e  out-of-reactor tests .2 The l ower l each rate for stro nt i um 

probabl y resul t s  from  the effect of  i ncreas i ng pH , as  has  bee n  observed i n  

tests o n  no nrad i oact i ve gl ass . 

The l ack of  ge neral l y  h i gher l each resul t s  for al l o f  the speci mens 

l eached i n-cel l , compared to out-of-cel l measureme nts o n  ZVDP-4 a nd MCC 76-68 

gl asses , i nd i cates that the rad i at i o n  f i el d  d i d  not e nh a nce the  l each rates of  

t he  gl asses  that were tested. 
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CONCLUS I ONS 

The norma l i zed mas s  l os s  of ces i um and the gl ass-former el ements from the 

radi oacti ve v i tri f ied  zeol i te after the 28-day l each test  was s i gn i f i cantl y 

l ower ( a  factor of 2 or more) than that from the nonradi oact i ve reference 

gl a s s  MCC 76-68 . 

The average l each rate for the radi oact i ve vi tri f i ed zeol i te was sl i ghtly 

l ower than the rate for the nonradi oact i ve v i tri f i ed zeol i te, for a l l el ements 

reported and al l l each ti mes  greater than seven day s .  

The l each behav i or of radi oact i ve v i tri fi ed zeol i te from al l three can i s

ters was essenti a l l y  the same . 

There was no s i gn i fi cant systemat i c  d i fference i n  l each behav i or rel ati ve 

to l ocati on of the radi oact i ve v i tri f i ed zeol i te ( top, mi ddl e, bottom) i n  the 

can i s ters tested.  

The mi crostructures of the radi oact i ve materi al  were cons i stent wi th 

those observed i n  the nonradi oacti ve materi al , and no second phase components 

were detected .  

The  radi ation fi e l d of the hot  cel l apparentl y di d not adversely affect 

the l each i ng behav i or of the reference MCC 76-68 gl ass  and the nonradi oacti ve 

s i mul ated vi tri f i ed zeol i te, and, therefore, shoul d have had l i ttl e effect 

upon the l each i ng of the rad i oact i ve v i tri f i ed zeol i te .  
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Activity 

Specimen weight measu rement 

Leach container  weight measu rement 

pH measu rement 

Temperatu re measu rement 

Temperatu re reco rding  
137cs anal ysis 

Chemical anal ysis 

A- 1 

Equ ipment  

Mettl er  AC  100  b al ance 

Oh au s #7503 bal ance 

Markson Model 88 meter  wit h  
Model 830 p rob e 

Type K thermocou pl es  

Fl u ke  data l ogge r ,  Model 2240 B 

EG&G Ortec 7040 Se ries spect romete r  

Appl ied Research Labo rato ries 
Model 3400 I CP s pect rometer  
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APPEND I X  B 

CAL I BRAT I ON PROCEDURE 

Out-of-cel l cal i brations  were performed on each oven, duri ng  wh i ch the 

temperatures i n  the s pec i men c av i t i es were measured and correl ated wi th a n  

average oven body temperature . Th i s  procedure permi ted cav i ty temperatures  

to be i nferred from hot-cel l oven  temperature measurements . The temperatures 

i n  the spec i men cavi ti es were not measured  di rectly  duri n g  l each test i ng. 

Duri ng  the out-of-cel l ca l i brati ons,  each oven was heated to and con

trol l ed at  app roxi mately  90°C . The temperature of the oven body was measured 

wi th thermocoup l es in  the s ame manner as  i n  the hot-cel l tests . I n  addi ti on, 

the temperature of each spec i men cav i ty was measured wi th a thermocoupl e wh i l e  

emp ty .  Based on  an  average for the oven body temperatures  and  u s i n g  the tem

perature i n  each speci men cav i ty, correl at ion  factors were computed for each 

spec i men cav i ty wh i ch, when appl i ed to the average oven body temperature for 

the hot-cel l tests, provi ded an i nferred temperature for each speci men cav i ty 

and thus for each spec i me n .  Both ovens were cal i brated wi thout argon fl owi ng  

through the ovens . Before cal i brati on, extens i ve tes ts were run wi th and 

wi thout argon i n  the ovens .  The absence or p resence of argon, ei ther fl owi n g  

o r  stagnant, di d not noti ceably affect the oven temperatures . 

Each oven was cal i brated separately at  approx i mately 90°C over a 24-hour 

cal i brati on peri od wi th temperature data taken every 1 5 mi nutes . The arrange

ment for the out-of-cel l cal i brati on of  Oven 1 i s  shown i n  Fi gure 3. The 

arrangement was the same for Oven 2 .  Al l thermocoupl e outputs were recorded 

on the Fl uke data l ogger paper tape except for the control thermocoupl e, wh i c h  

was connected t o  the LOVE control l er .  

Oven body thermocoupl e s  TC- 1 and TC-2 were averaged and the s tandard 

devi aton cal cu l ated for each 1 5 -mi nute i nterva l  over the 24-hour cal i brati on  
peri od . The s tandard devi aton s  vari ed from 0 to 0 . 28 .  Thermocoupl e TC-3 was 

B- 1 



not i ncl uded i n  the average because , for some unexpl a i ned rea son , the tempera

ture at th i s  l ocati on was about 3°C bel ow the average of TC-1 and TC- 2 .  

However,  the temperature i n  cavi ty 9 was general ly l es s  than  1°C  bel ow the 

average of the n i ne thermocoupl es i n  the cav i t i e s .  Both ovens di spl ayed the 

same effect . 

The average of oven body thermocoupl es TC- 1  and TC-2 and the time-average 

of the average of these thermocoupl es are shown i n  F i gure B-1 for Oven 1 and 

in  Fi gure B-2 for Oven 2 .  The time-average of the average of the two thermo

coupl es was obtai ned from pai rs of readi ngs taken at 15-mi nute i nterva l s .  I n  

the same manner , a time-average pl ot for each thermocoupl e i n  each cav i ty was 

al so generated.  Cavi ty temperature correcti ons for each spec i men cavi ty were 

computed by subtracti ng the spec i men cav i ty time-average temperature from the 

oven bodY time-average temperature at each t i me i ncrement,  and averagi ng over

al l time i ncrements . These correcti ons  were appl i ed to the oven body temper

atures taken duri n g  l each testi ng i n  the hot cel l to provi de i nferred spec imen 

cav i ty temperatures . The addi ti ve correcti ons for the specimen cavi ti es are 

l i sted i n  Tabl e B- 1 .  
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TABLE B- 1 .  TEMPERATURE CORRECT I ONS FOR SPEC I MEN CAV I T I ES 

Spec i men Cav i ty Co rrect i on ( add i t i ve ) 
I dent i f i c at i on ( oe} 

1 0 . 44 

2 0 . 31 

3 0 . 2 5  

4 0 . 27  

5 0 . 20 

6 0 .09 

7 0 . 43  

8 0 .41 

9 0 . 52 

10  0 . 39 

1 1  0 . 30 

1 2  0 . 38 

1 3  0 . 26 

14  0 .20 

1 5  0 . 18 

16  0 . 31 

1 7  0 . 32 

18 0 .46 
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TABLE C-1 .  CHEMICAL ANALYSES, EQU IVALENT OX I DE, AND f; FOR AS-CAST ( NONLEACHEO ) SAMPLES 

Wei ght Average Ana l y ses  - Equ i val ent  f; ( e 1 erne n ta  1 
Oxi de/ E l emental a ( wt% ) Oxi de ( wt%) mas s  fract i on )  
Wei ght CL- 1  CH11 CH21 CL-1 CHll CH21 CL-1 CHll CH27 

E l ement  Cati ons  ( Z4-3 )  ( Z2-3 ) ( Z5-3 ) ( Z4-3 ) ( Z2-3 )  ( Z5-3 ) ( Z4-3 ) ( Z2 - 3 )  ( Z5-3 ) 

Al ( Al 203 ) 1 .89 8 . 15 7 . 78 8 . 51 15 . 40 14 . 70 16 . 08 0 . 07 5  0 . 073  0 . 080 
B ( B2o3 ) 3 . 22 3 . 2 5  3 . 18 2 . 51 10 . 47 10 . 24 8 . 08 0 . 030 0 . 030 0 . 024 
Ba ( BaO )  1. 12 0 . 2 5  0 . 24 0 . 23 0 . 28 0 . 27 0 . 26 0 . 0023 0 . 0023 0 . 0022 
Ca ( CaO ) 1 . 40 1. 49 1 . 36 1 . 59 2 . 09 1 . 90 2 . 23 0 . 0 14 0 . 0 13 0 . 015 
Ce ( Ce2o3 ) 1. 17 0 . 10 0 . 04 0 . 12 0 . 05 0 . 0009 0 . 0004 
Cr ( Cr2o3 ) 1 . 46 0 .09 0 . 06 0 . 13 0 . 09 0 . 0008 0 . 0006 

("') Fe ( Felo3 ) 1 .43 1. 76 1. 33 1 . 24 2 . 52 1 . 90 1 . 77 0 . 016 0 . 013 0 . 012 
I K ( K20 1 . 20 1 . 26 0 . 61  1 . 34 1 . 51 0 . 73 1 . 6 1  0 . 0 12 0 . 006 0 . 013 ...... 

L i  ( L i 20 )  2 . 15 2 . 23 2 . 19 1 . 87 4 . 79 4 . 7 1  4 . 02 0 . 020 0 . 02 1  0 . 018 
Mg ( MgO ) 1 . 66 0 . 49 0 . 42  0 . 46 0 . 81  0 . 70  0 . 76 0 .0045 0 . 0040 0 . 0043 
Mn ( Mn02 ) 1. 58 0 . 08 0 . 07 0 . 08 0 . 13 0 . 11 0 . 13 0 . 0007 0 . 0007 0 . 0008 
Na ( Na2o) 1 . 35 13 . 7  13 . 6  12 . 5  18 . 50 18 . 36 16 .88 0 . 126 0 . 128 0 . 118 
Nd  ( Nd203 ) 1 . 17 0 . 12 0 . 04 0 . 14 0 . 05  0 . 00 11 0 . 0004 
Ni ( N i O )  1 . 27 0 .03  0 . 0 1  0 . 04 0 . 0 1  0 . 0003 0 . 0001 
Rh ( Rh 20i ) 1 . 23  0 . 07 0 . 03  0 . 08 0 . 04 0 . 0006 0 . 0003 
Si ( S i Ol 2 . 14 21 .05  2 1 . 30 22 . 50 45 .05  45 . 58 48 . 15 0 . 193 0 . 20 1  0 . 212 
Sr ( SrO 1 . 18 0 . 08 0 . 08 0 . 08 0 . 09 0 . 09 0 . 09 0 . 0007 0 . 0008 0 . 0008 
T i  ( T i O� ) 1 . 67 4 . 0 1  3 . 82 3 . 53 6 . 70 6 . 38 5 . 90 0 . 037 0 . 036 0 . 033 
Zn ( ZnO  1 . 24 0 . 03 0 . 0 1  0 . 04 0 . 01  0 . 0003 0 . 0001 
Zr ( Zro2 ) 1 . 35 0 . 01 0 . 01 0 . 0001 
C s  ( Cs 2o) 1 .06 0 . 06 0 . 05 0 . 05  0 . 05  0 . 05 0 . 0 5  0 . 0006 0 . 0005 0 . 0005 

Total s 108 . 9 5  105 . 97 106 . 01  

a .  Average of two ICP ana lyses  on the as-cas t  spec i mens;  one  from fu s i on i n  a n i ckel  cruc i bl e, 
the other i n  a z i rconi um cruc i bl e .  



TABLE C-2 . 137cs  ACTI VITY AS-CAST SAMPLES 

Sampl e Control Method of  

Numb er for Canister Determinationa 

SH1M1 Z2 Sol id gl ass  

CHll Fusion - Zr 

CHll Fu sion - Ni 

Average Z2 

SLM1 Z4 Sol id gl ass  

CL-1  Fu sion - Zr 

CL-1 Fu sion - Ni 

Average Z4 

SH2M1 Z5 Sol id gl ass  

CH21 Fu sion - Zr 

CH21 Fu sion - Ni 

Average Z5 

Activity 

{JJCi/mg} 

222 

146 

129 

166 

212 

173 

185 

190 

222 

123 

157 

167 

a .  Sol id gl ass = y-counting of  �10 mg s ampl e of  vitrified 
zeol ite .  
Fu sion - Zr = y-counting o f  sol ution prepared from mat erial 
fu sed in NA2o2 in a zirconium crucibl e .  
Fu sion - Ni = y-counting o f  sol ution  prepared from material 
fu sed i n  KOH in a n i c k el c ruc i b l e .  

C-2  



TABLE C-3 .  CHEMICAL ANALYSES , EQUIVALENT OX IDE,  AND fi 
FOR ZVDP-4 and  MCC 76-68 REFERENCE GLASSES 

We i ght  
Oxi de/ E l emental Equ i val ent 
Wei gh t  ( wt% ) Oxi de ( wt% ) 

E l ement Cati ons  ZVDP-tl 7f>-oS ZVDP-2J: 70-os 
Al 1 .89 7 . 51  0 . 3 14 . 20 0 .6 

B 3 . 22 1 . 5 5  2 . 7  4 . 98 8 . 8 

Ba 1 . 12 0 .05 0 . 5 0 .06 0 . 5 

Ca 1 . 40 0 . 64 1 . 7  0 . 89 2 . 4  

Cr 1 .46 0 .02 0 . 1 0 .03  0 . 2 

C s  1 .06 0 . 40 0 . 9 0 . 42 1 .0  

Cu  0 .05 

Fe 1 .43  1 .21  6 . 6  1 .  7 3  9 . 4 

L i  2 . 15 2 . 35 5 . 05 

Mg 1 .66 0 . 20 0 . 1  0 . 33 0 . 2  

Mn 1 . 58 0 .02 0 . 1 0 .03  0 . 1 

Na 1 . 35 11 . 08 8 . 5  14 . 96 11 . 5  

Si  2 . 14 21 . 21  19 . 1  45 . 38 40 .8 

Sr 1 . 18 0 .03  0 . 3  0 . 03 0 . 4 

Ti 1 .67 4 . 23 1 .8  7 .06 3 .0 

Zn 1 . 24 0 .04 3 . 7 9  0 . 05 4 . 7  

Zr 1 . 35 0 .01  1 . 3  0 .02 1 . 7  

Rare earths 9 . 9  
--

Tota l s 94 .92  9 5 . 2  

C-3 

f ; ( el emental  
mas s  fracti on ) 
:ZVOP-2J: 7o-sa 
0 .079 0 .0032 

0 .0 16 0 . 028 

0 .0005 0 .005 

0 .007 0 .0 18 

0 .0002 0 .0011 

0 . 0042 0 .0 10 

0 . 013 0 .069 

0 .025 

0 .0021 0 . 00 11 

0 .0002 0 .0011 

0 . 117 0 .089 

0 . 224 0 . 201 

0 . 0003 0 . 0032 

0 .045 0 .019 

0 .0004 0 .040 

0 .0001 0 .014 
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TABLE D-1 .  SUMMARY OF 3-DAY TESTS FROM 6/7/83 TO 6/10 /83a 

Speci men Number/Source 
1{ 3)  2(3 ) SH2M3 4( 3 ) 5 ( 3 )  6 ( 3 ) 7 ( 3 )  8( 3 ) 9 ( 3 ) 
Z4-3 Z2-3 Z5-3 ZVDP-4 Bl a nk 76-68 Z5-5 Bl ank Z5- 1  

We i ght  l each-
ant  ( g ) 30 .40 29 . 10 30 . 55 29 . 35 29 .60 29 . 70  30 . 80 30 . 20 30 .40 

E xperi ment i n i ti al 
wei gh t  ( g ) 103 . 00 98 . 20 95 . 60 93 . 95 102 . 90 102 .80 100 . 90 93 .40 99 .40 

Experi ment  fi nal 
wei gh t  ( g ) 101 . 60 98 . 20 95 . 55 92 . 40 102 . 45 100 . 00 93 . 45 99 . 45 

0 Leachant 
I l os s  ( g ) 1 .40 0 . 00 0 . 05  1. 55  Al l 0 . 35 0 . 90 +0 . 05 +0 .05  � 

I n i ti al pH 
at 20°C  7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 

Fi nal  pH 
at  20 °C  8 . 25 8 . 9 1  8 . 7 5  8 . 93  7 . 15 8 . 55 7 . 26 8 . 56 

I n i ti al spec i men 
wei gh t  ( g )  0 . 3738 0 . 3831 0 . 3847 0 . 4039 0 . 7 209 0 . 3830 0 . 3952  

F i nal spec i men 
wei ght ( g ) 0 . 3724 0 . 3819 0 . 3833 0 . 4035 o .  7203 0 . 3827 0 . 3948 

Spec i men wei ght  0 . 00 14 0 .0012 0 . 00 14 0 .0004 0 .0006 0 . 0003 0 .0004 
l os s  ( g ) [%] [0 . 37 ]  [0 . 31] [ 0 . 36 ]  [0 . 10 ]  [0 . 08 ]  [ O . OA] [0 . 10 ]  

Spec i men  �e i ght 
l os s  ( g/m ) 4 . 7  4 . 0 4 . 6  1 . 3  2 .0 1 . 0  1 . 3  

a .  Test temperature was 90 . 4  ± 2 . 3 °C . 



TABLE  D-2 . SUMMARY OF 7-DAY TESTS FRm1 7/25/83 TO 8/1 /83 AND FFROM 8/1/83 TO 8/8/83a 

Specimen Number/Source 
12a(14) 126(14) 15a( 14) 156( 14) 16a (14) 166(14) 17a(14) 176( 14) 18a (14} 

Z4-3 Z4-5 Z2-3 Z4-1  Z5-3 Z2-1 Z2-5 Z5-1 Z5-5 
We i ght l each-
ant ( g ) 29 .80 30 .00 29 . 80 30 . 25 29 . 05 30 . 00 29 . 10 29 . 90 29 . 20 
Experiment i n i ti al 
wei ght ( g )  87 .40 101 .25 103 . 65 93 .70  1 18 . 35 103 .45 1 15 . 60 106 . 80 97 . 00 
Experiment fi nal 
wei ght ( g ) 87 .25 98 .95 103 .40 93 . 50 1 16 . 75 88 . 25 115 . 25 106 . 15 96 . 15 
Lea chant 

Al l b l os s  ( g) 0 . 15 2 . 30 0 . 25 0 . 2()- 1 . 60 0 . 35 0 . 65 0 . 85 
0 I n i  ti al pH 

I 
at 20 oc 7 .00 7 . 00 7 . 00 7 . 00 7 .00 7 .00 7 . 00 7 . 00 7 . 00 N 

Fi nal  pH 
at 20°C  8 . 43 8 .80 8 .77 8 . 55 8 .70 8 .76 8 .59 8 .7 1  
I n i ti al spec imen 
wei ght ( g )  0 . 4143 0 . 4016 0 . 4084 0 . 4055 0 . 4063 0 . 3573 0 . 3683 0 . 3714 0 . 3725 
Fi nal  spec i men 
wei ght ( g )  0 . 4120 0 . 3994 0 .4063 0 . 4036 0 . 4062 0 . 3566 0 . 3670 0 . 3698 0 . 3704 
Spec i men wei ght 0 .00023 0 .0022 0 .0021 0 .0019 0 .0001 0 .0007 0 .0013 0 .0016 0 .0021 
l oss  ( g )  [%] [0 . 56]  [0 . 55]  [0 . 52]  [0 . 47 ]  [ 0 . 02 ]  [ 0 . 20] [0 .35]  [0 .43] [0 . 56 ]  
Speci men �ei ght 
l oss  { g/m ) 7 . 54 7 . 16  6 .93 6 . 32 0 . 33 2 . 38 2 . 34 5 . 30 7 .00 

a .  Tes t  temperature was 91 .6  ± 2 .4° C .  
b .  Rema i n i ng l eachant l ost duri ng wei gh i n g/sampl i ng .  



TABLE D-3 .  SUMMARY OF 14-DAY TESTS FROM 7 /25/83 TO 8/8/83a 

Speci men  Number/Source 

1( 14 )  2 ( 14 )  3 ( 14 )  4 ( 14 )  5 ( 14 )  6 ( 14 ) 7 ( 14 )  
Z4-5 Z4- 3  Z4- 1  76-68 Bl ank  Z5-5  Z2-5 

Wei ght l eachant ( g )  29 .65 29 . 35 28 . 70  29 .80 29 . 10 29 .85  29 . 90 

E xperiment  i n i ti al 
wei ght  ( g ) 93 .95  119 . 15 120 . 50 101 . 95 116 . 55 89 . 20 117 . 85 

E xperiment fi nal 
wei ght ( g ) 93 .20 118 .65  119 . 75  101 . 00 116 . 25  65 .80 117 . so 

Leachant l os s  ( g) 0 . 70 0 . 50 0 . 75  0 . 95 0 . 30 23 . 40 0 . 35 
0 I I n i t i a l  pH at 20 °C 7 .00 7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 w 

F i nal  pH at  20°C  8 .07 7 . 98 8 . 46 8 . 51  8 . 07 8 . 42 

I n i ti a l spec i men 
wei ght  ( g ) 0 . 3769  0 . 4123  0 . 4140 0 . 7 345 0 . 3647 0 . 39 10 

F i nal  spe c imen 
wei ght ( g ) 0 . 3749 0 . 410 2  0 . 4111 0 . 7 325 0 . 3647 0 . 3889 

Spe c i men we i ght 0 .0020 0 .0021 0 .0029 0 . 0020 0 . 0020 
l os s  ( g )  [%] [ 0 . 53] [0 . 5 1] [ 0 . 70]  [ 0 . 27 ]  [ 0 . 51] 

Spec i men �e i ght 
l os s  ( g/m ) 6 . 64 6 . 9 1  9 . 55 6 . 54 6 . 66 



TABLE D-3 ( conti nued)  

Spec imen Number/Sou rce 

8 ( 14 )  9 ( 14 )  1 0 ( 14 )  1 1  ( 14 )  1 3 ( 14 )  14 ( 14 )  
Z2-3 Z2- 1  Z5-3 Z5-1 ZVDP-4 Bl ank 

Wei ght l eachant { g ) 29 . 50 29 .65 29 . 80 29 . 70 29 . 45 29 . 25 

E xperiment i n i ti al 
wei gh t  { g )  1 12 . 40 1 19 . 20 90 . 90 95.05 93 . 30 95 . 95 

Experi ment fi nal 
wei ght  { g ) 110 .00 1 18 .80 89 . 20 89 . 95 93 . 25 94 . 60 

Leachant l oss  { g )  2 .40 0 .40 1 . 70 5 . 1 0  0 . 05 1 . 35 

C1 
I n i ti al pH at 20° C  7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 I � 

Fi nal pH at 20°C 8 . 54 8 . 63 R . 16 8 .40 8 . 96 7 . 25 

I n i ti al spec imen 
wei ght  ( g ) 0 . 3922 0 . 4144 0 . 3853 0 . 3684 0 . 4098 

Fi nal spec i men 
wei ght  ( g ) 0 . 391 1  0 . 4 1 3 1  0 . 3844 0 . 3663 0 . 4075 

Spec imen wei gh t  0 .00 1 1  0 .001 3  0 .0009 0 . 0021 0 .0023 
l oss  { g ) [%] [0 . 38] [ 0 . 3 1 ]  [0 . 23 ]  [0 . 57 ]  [0 . 56 ]  

Spec i men �e i ght 
l oss  { g/m ) 3 . 65 4 . 19 2 . 97 6 . 98 7 . 38 

a.  Tes t  temperature was 91 .6  ± 2.4° C .  
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TABLE D-4 . SUMMARY OF 28-DAY TESTS FROM 6/15/83 TO 7/ 13/83a 

Spec i men Number/Source 
1 ( 28 ) 2 ( 28 ) 3 ( 28 ) 4( 28 ) 5 ( 28 ) 6( 28 ) 
Z2-3 Z2-3 Z2-3 76-68 B l a nk Z4-3 

We i ght  l each-
ant ( g ) 29 .45 29 . 50 29 . 6 5  29 . 70 29 .45  30 .05 

Experi ment  i n i ti al 
wei gh t  ( g ) 85 . 50 100 . 00 99 . 30 99 . 55 90 . 80 106 . 10 

Experi ment  fi nal 
wei gh t  ( g ) 77 . 50 78 . 70 99 . 20 90 . 85 105 .45 

Leachant 
l os s  ( g ) 8 . 00 2 1 . 30 Al l 0 . 35 +0 . 05 0 . 65 

I n i ti al pH 
at  20 °C  7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 7 . 00 

F i nal  pH 
at  20°C  8 .48 8 . 54 7 . 95  7 . 93 

I n i ti al spec i men 
wei ght  ( g ) 0 . 3580 0 . 3559 0 . 3681 0 . 7276 0 . 3742 

F i nal  spec i men 
wei ght  ( g ) 0 . 3556 0 . 3537 0 . 3678 0 . 7249 0 . 3717  

Spec i men we i ght 0 .0024 0 . 0022 0 .0003 0 .0027 0 .0025 
l os s  ( g ) [%] [0 .67]  [ 0 .62]  [ 0 . 08]  [ 0 . 37 ]  [0 .67]  

Spec i men �e i ght 
l os s  ( g/m  ) 7 . 89 7 . 38 1 . 00 8 . 83 8 . 39 

7 ( 28) 8( 28 ) 9 ( 28 ) 
Z5-3 Z5-3 Z5-3 

29 .60  28 . 55 29 . 50 

101 . 30 106 . 05 94 . 1 5 

105 .05  75 . 55 

Al l 2 . 00 18 . 60 

7 . 00 7 . 00 7 . 00 

8 . 1 2  8 . 38 

0 . 3596 0 . 3878 0 . 407 1  

0 . 3587 0 . 3875 0 . 4050 

0 . 0009 0 . 0003 0 .0021 
[0 . 25 ]  [ 0 . 08]  [0 . 52]  

2 . 98 0 . 99  6 . 89 



TABL E  D-4 . ( conti nued ) 

10(28) 11 ( 28) 12(28) 
Z4- 5 Z4- 1 Z2-5 

We i ght l each-
ant ( g ) 29 . 10 29 . 90 29 . 35 

E xperiment i n i ti al 
wei ght  ( g ) 100 .35 99 . 30 94 . 60 

E xperiment fi nal 
wei ght  ( g ) 100 .00 98 . 25 91 . 25 

Leachant a l os s  ( g )  0 . 35 1 . 05 3 . 35 I 
� 

I ni ti al pH 
at 20 °C  7 .00 7 .00 7 .00 

Fi nal pH 
at 20 °C 7 . 73 8 . 30 8 . 54 

I ni ti al spec i men 
wei ght  ( g ) 0 . 4176 0 . 3699 0 . 3850 

F i nal spec i men 
wei ght  ( g ) 0 . 4154 0 . 3681 0 . 3830 

Spec i men wei ght  0 . 0002 0 . 0018 0 .0020 
l os s  ( g) [%] [0 . 53]  [0 .49] [ 0 . 52]  

Speci men �ei ght 
l os s  ( g/m ) 7 . 26 6 .06 6 . 70 

a .  Tes t  temperatu re was 90 . 4  ± 1 . 1 ° C .  

S�ec i men Number/Source 
13( 8) 14( 28) 15(28) 

ZVDP-4 Bl ank Z4-3 

29 . 35 29 . 60 29 . 30 

97 . 15 92 . 75 96 . 50 

96 . 00 79 . 10 

1 . 15 Al l 17 . 40 

7 .00 7 .00 7 .00 

9 . 01 8 . 24 

0 . 4100 0 . 4220 

0 . 4078 0 .4202 

0 .0022 0 . 0018 
[0 . 54] [0 .43] 

7 . 05 5 .89 

16(28) 17( 28) 18( 28)  
Z2- 1 Z5-5 Z5-1 

28 . 75 29 .85 29 . 50 

96 . 70 91 . 35 96 . 65 

94 . 40 96 .65 

2 . 30 Al l 0 . 00 

7 .00 7 .00 7 .00 

8 . 59 8 . 43 

0 . 3871  0 . 3695 0 . 3648 

0 . 3850 0 . 3691 0 . 3630 

0 .0021 0 .0004 0 .0018 
[ 0 . 54]  [0 . 1 1 ]  [0 . 49]  

6 .81  1 . 33 5 . 94 
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TABLE  D-5 . CHEMI CAL ANALYS I S  RESULTSa AND ( NL ) ; 
b FOR 3-DAY TESTS 

1 (3) 2 ( 3 ) 3(3 ) 
Z4-3 Z2-3  Z5-3 

El ement � ill.4 � ill.4 � ill.4 
Al 4 . 8  6 . 2  4 . 5  6 . 0  3 . 7  4 . 7  
8 1 .87 6 .0 1 . 86 6 . 0  1 . 08 4 . 5  
B a  0 . 009 ( 0 .004 )  ( 0 .004)  
Ca  0 . 477 3 . 3  0 . 323 2 . 4  0 . 342 2 . 3  
Ce 
Cr 
Dy 
Fe ( 0 .004 )  
K ( 0 . 6 )  4 . 8  ( 0 . 7 )  1 1 .4 ( 0 . 3 )  2 . 3 
La  
L i  1 . 44 7 . 0  1 .4 1  6 . 5  1 . 08 6 .0 
'lg 0 . 098 2 . 1  0 . 057 1 . 4  0 . 086 2 . 0  
M1 
Mo 
Na 6 .8 5 . 2  6 .8 5 . 1  4 .8 4 . 1  
Nd 
Ni 
Rh 
Ru 
S i  1 5 . 6  6 . 8  1 7 . 5  7 . 4  1 4 . 1  5 . 7  
Sr 0 . 024 3 . 3  0 . 0 1 8  2 . 2  0 . 01 5  1 . 9 
Te 
Ti 
Z n  
Zr  
1 3 7c s 6 . 8  8 . 2  6 . 5  

a .  ppm by wei ght ; bl ank i nd i c a t es el ement not 

D .  For al l el ements except 137cs , ( NL ) ;  = 

F o r  1 37c s , (NL ) i 

S�ec i men Numb er/Sou rce 
4 ( 3) 6 ( 3 ) 

ZVDP-4 7 6- 68 
� ill.4 � ill.4 

4 . 2  4 . 8  ( 0 . 1 1 )  3 . 3  
0 . 626 3 . 5  1 . 87  6 . 5  

( 0 . 002 ) 0 . 046 0 . 7  
( 0 . 1 0 9 )  1 . 4 0 . 6 3 1  3 .4 
( 0 . 08 )  0 . 08 

0 . 0 34 
( 0 . 5 )  ( 0 . 3 )  

( 0 . 0 1 0 )  
1 . 3 1  4 . 7  
0 . 008 0 . 3  0 . 059 5 . 2  

0 . 889 
6 . 1  4 . 6  6 . 9 7 . 5 

0 . 02 

0 . 034 

1 5 . 8  5 . 4  2 5 . 7  1 1 . 4 
0 . 120  3 . 7  

( 0 .002)  

7 (3) 9 (3) 
Z 5- 5  Z5-1  

� ill.4 � ill.4 
3 . 3  4 . 1  3 . 4  4 . 1  
0 .990 4 . 1  1 . 07 4 . 3  

( 0 .007 ) 0 . 007 
0 . 306 2 . 0  0 . 370  2 .4  

( 0 . 1 2 )  ( 0 . 0 4 )  

0 . 022 0 . 2  ( 0 .042 ) 0 . 3  
( 0 . 4 )  3 . 1  ( 0 .  7 )  5 . 2  

0 . 969 5 . 4  0 .995  5 . 4  
0 . 088 2 . 0  0 . 090 2 . 0  

4 . 3  3 . 6 4 . 3  3 . 5  
( 0 .04 )  ( 0 . 0 5 )  

0 . 0 7 1  ( 0 . 0 2 )  

1 3 . 4  5 . 3  1 4 . 0  5 . 4  
0 . 01 3  1 . 7 0 . 014 1 . 7  

( 0 .0 3 )  
( 0 . 00 2 )  

5 . 4  5 . 3  

( ) i ndi cate  resul t s  n e a r  1 i m i t  of detect i on . 

(� of s�ec i men ) 
(SA i n  meters 2 )  

Da sh ( --)  negat i ve a fter correc t i on for bl ank , or anal yses of ori g i nal materi al 
� .  See Tabl e 

Average of 
8(3) Acceptabl e 
81 ank Cani stersc St and ard 

__EE!!l__ (NL )i Dev i at i on 
5 . 0  0 . 9  
5 . 0  0 . 8  

0 . 0 1 0  
2 . 5  0 . 4  

( 0 .003 ) 0. 1 
5, .4  3 . 2  

6 . 1  0 . 6  
1 . 9  0 . 3  

( 0 . 0 5 )  4·.3 0 . 7  
( 0 . 0 3 )  

( 0 . 0 2 )  
2 . 16 6 . 1  0 . 8  

2 . 2  0 . 6  

6 . 4  1 . 1  

not avai l ab l e to cal cul ate fi . 



TABLE 0-6 . CHEMICAL ANALYS I S  RESULTSa AND ( NL ) ;
b FOR 7-0AY TESTS 

S pec i men Number/Source 
12a( 14) 126(14) 1Sa (14) 15b( 14) 16a ( 14) 

Z4-3  Z4-5 Z2-3  Z4- 1  Z5- 3  
E l eme n t  p pm ( NL ) j p pm ( NL ) j PEm ( NL ) j p pm ( NL ) j p pm ( NL )  j 
Al  5.  71 7 . 4  6 . 31  7 . 6  5 . 89 7 . 9  5 . 03 6 . 7 6 . 16  0 . 2  
B 2 . 5 2  7 . 9  2 .85 8 . 6 2 . 9 7  9 . 4 2 . 3 2  7 . 7 0 .425 1 . 3 
Ba ( 0 . 009 ) 0 . 3  0 . 0 1 1  0 . 4 { 0 . 004 ) 0 . 1  { 0 . 009 ) 0 . 3  0 . 010  0 . 3  
Ca 0 . 331  2 .0 0 . 352 2 .0 0 . 324 2 . 1  0 . 379 2 . 4 0 . 2 1 2  1 .0 
Ce 
Cr 0 .0 13  1 . 1 0 .029 3 . 3 0 .023 3 . 1  { 0 .018 ) 2 . 3 
Oy 
Fe 0 . 02 1  0 . 046 0 . 039 0 .0 54 0 . 3  0 . 069 0 . 1  
K { 0 . 4 )  3 . 2  0 . 9  6 . 8 { 0 . 4 )  6 . 5  ( 0 . 4 )  3 . 3 0 

{ 0 .013 ) ex; La  
L i  1 .  7 6  8 . 6  1 . 94 8 . 8  2 . 00 9 . 3  1 . 60 8 . 0 0 .4 17  2 . 1  
Mg 0 . 068 1 .0 0 . 051  0 . 6 0 . 051  0 . 7  0 . 1 24 2 . 3 0 . 068 0 . 2  
Mn { 0 . 005 ) 0 . 1  
�10 { 0 . 01 1 )  { 0 .007 ) { 0 . 007 ) 
Na 1 9 . 1  5 . 4 9 .82 7 .0 20 .6  6 . 5 9 . 05 7 . 1  13 . 5  1 . 1 
Nd { 0 .03 ) 0 .3 
Ni  
Rh  
Ru  
S i  2 1 . 0  8 . 1  22 . 5  8 . 2  23 . 9  9 . 2  27 . 5  1 1 . 7  5 . 32  0 . 1  
Sr 0 . 028 3 . 6 0 . 028 3 .6 0 . 026 2 . 9  0 .025  3 . 6 0 . 009 0 .8 
Te { 0 .08 ) 
T i  { 0 . 004 ) 0 . 013  ( 0 . 005 ) 0 . 008 
Zn 0 .010  3 .0 0 .0 13  
Zr  
137c s  8 . 9  9 . 1 10 . 3  6 . 9  1.6 
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TABLE D-6 . ( conti nued)  

E l ement 
Al 
B 
B 
Ca 
Ce 
Cr 
Dy 
Fe 
K 
La 
L i  
Mg 
Mn 
Mo 
Na 
Nd 
N i  
Rh 
Ru 
Si 
Sr 
Te 
Ti 
Zn 
Zr 
137cs 

Spec i men Number/Source 
17a(14) 

Z2-5 
ppm 

5 .00 
2 .35 
0 . 010 
0 . 370 

� 

0 . 020 

0 .062 
( 0 . 4 )  

1 . 59 
0 . 068 

18 .4 

23 . 7  
0 .025 

( 0 . 002 ) 

6 . 6  
7 .3 
0 . 3  
2 . 4  

2 . 6  

0 . 1  
6 . 4  

7 . 3  
1 . 1  

4 .7 

9 . 0  
2 .8 

9 . 5  

176( 14) 18a ( 14) 
Z5-1 Z5-5 

ppm 
4 .75 
1 .  79 
0 .021 
0 .419 

0 .015 

J!!U..i_ ppm � 
5 .8 5 . 00 5 . 9  
7 . 2 1 .81  6 .8 
0.8 0 .013 0 . 5  
2 . 5  0 .407 2 . 3  

0 . 013 

0 .082 0 .6 0 .044 
( 0 .4 )  · 3 . 0  ( 0 . 4 )  2 . 9  

1 .45 7 .8 1 .45 7 . 6 

Created Bl anks 
a- ser1 es b- ser1 es 

0 . 086 
0 . 002 0 . 002 
0 . 040 0 .040 

0 . 004 

0 .050 0 .007 

0 . 100 1 .8 0 . 1 1 1  2 . 0  0 .021 0 .021 

( 0 .006 ) ( 0 .005 ) 
6 .85 5 .6 17 . 2  4 . 1  1 2 . 1  

21 .4 7 . 5  18 .9  
0 .024 2 .9 0 .027 

0 .012 ( 0 .003 ) 

7 .8 

6 . 2  
3 .0 

7 . 8  

5 .0 
0 .02 

0 . 009 

0 .05 

5 . 0  

Average of 
Acceptabl e 
Cani s tersc 

( NL ) ;  
6 .8 
7 .8 
0 . 4  
2 . 2  

[ 2 . 5] 

[0 . 3] 
4 .6 

8 . 2  
1 .4 

5 .8 

8 . 6  
3 .2 

8 . 6  

Standard 
Devi ati on 

0 . 8  
0 .8 
0 . 2  
0 . 2  

0 . 8  

0 . 2  
1 . 7 

0 . 7  
0 . 6  

1 . 1 

1 . 6  
0 .4 

1 . 1  

a .  ppm by we i ght;  bl ank i ndi cates el ement not detec ted ; parentheses ( i ndi cate resul t near l i m i t  
o f  detect i o n .  

b .  For al l el ements except 137cs , ( NL ) · = ( ppm-bl ank ) ( grams l eachate) 
1 

( fi ) ( SA i n  meters2l ( 10
6

) 

For 137c s  ( NL ) . = 
( acti v i ty/ml ) (ml of l eachate) 

' 1 !acbvity of control sample/mg) (mg of spec 1 men) · 

- ( g of specimen)  
( SA in meters2l · 

Dash ( - - )  i ndi cates ei ther ( N L ) i <0.05 , was negati ve after correcti on for bl ank , or analyses of 
origi nal  material  not ava i l abl e to calcul ate fi . 

c .  See Tabl e 11 for bas i s  of acceptabl e data.  Brackets [ ] i nd i cate that the average was cal cu
l ated u s i ng those speci mens for wh ich a val ue is shown . 



TABLE D-7 . CHEMI CAL ANALYSI S RESULTSa AND ( NL )  i b  FOR 14-DAY TESTS 

Spec imen Number/Source 
1{ 14) 2(14) 3 (14) 4(  14) 7 ( 14) 8 ( 14) 
Z4-5 Z4-3 Z4-1 76-68 Z2-5 Z2-3 

El ement ppm ( NL ) ;  � �  ppm l.!i!:.h p pm ..!I!!:li. ppm J!illi ppm J!!lli 
Al 5 . 50 7 . 2  5 .05 6 . 4  6 .30 7 . 7  ( 0 . 03 )  0 . 9  5 . 60 7 . 6  6 .00 7 . 4  
B 2 .46  7 .8 2 . 33 7 . 1  2 .92 8 . 7  4 . 30 1 4 . 3  2 . 58 8 .2 3 .03 8 .8 
Ba 0 .012 0 .4 0 .009 0 . 3 ( 0 .006 ) 0 .2 0 .015 0 .3 0 . 008 0 . 3  ( 0 .004 ) 0 . 1 
Ca 0 . 384 2 . 3  0 .422 2 . 5  0 .362 2 . 0  0 . 384 2 . 0  0 .418  2 .8 0 . 344 2 . 0  
Ce 
Cr 0 . 029 3 . 1  0 .024 2 .8  0 .021 2 . 0  ( 0 . 01 1 )  0 . 6  0 .024 3 . 3  0 . 03 1  4 . 2  
Dy 
Fe 0 . 32 0 .041 0 .019 0 . 060 0 .031 0 . 015  
K 0 . 9  7 . 4 (0 .  7 )  5 . 6  0 .8  6 . 1  ( 0 . 6 )  9 .8 ( 0 . 7 )  1 0 . 5  
La ( 0 . 0 1 0 )  
L i  1 . 75  8 . 6  1 . 68 8 . 0  2 .06 9 . 5  1 .80 8 . 4  2 . 06 8 . 8  
Mg 0 .051 0 . 4  0 . 126 2 .0  0 .045 0 . 3  0 .020 0 .038 0 . 1  0 .038 0 . 1  
Mn ( 0 . 00 3 )  0 . 4  

Ci Mo 0 .007 ( 0 .006 ) 1 .81 ( 0  .007 ) ( 0 .00 7 )  
Na 1 8 . 8  5 . 2 18 .6  4 .9  20.9  6 .4 24 . 3  1 3 . 0  1 9 . 3  5 . !>  2 1 . 6  6 . 7  ........ 
Nd ( 0 . 04 ) 3 . 6  0 
Ni 
Rh 
Ru 
Si  3 1 . 5  l l . 8 34 .8 1 3 . 1  29.0. 9 . 9  . 59 . 5  24 . 2  27 . 5  9 . 4  30 . 2  9 . 8  
Sr 0 .028 3 . 7  0 .026 3 . 3  0 .027 3 . 3  0 .083 2 . 4  0 .026 3 . 0  0 .024 2 . 5  
Te ( 0 .07 ) (0 .05 ) ( 0 . 003 ) 
Ti 0 . 011  0 .005 ( 0 .005 ) 0 .034 0 . 1  ( 0 .002)  
Zn 

f37cs 
0 . 002 

8 . 3  6 . 9  8 . 9  10 . 5  10 . 1  

• 
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TABLE D-7 . ( conti nued)  

9{14) 
Z2-1 

10(14) 
Z5-3 

Spec imen Number/Source 
11(14) 13(14) 

Z5-1 ZVDP-4 
E l ement 
Al 

ppm J!!!:.h ppm 
5 . 77 
2 .23 
0 . 025 
0 . 416 

� ppm 
6 . 33 
2 .43 
0 . 031 
0 . 508 

J!!!:.h __!?E!!!_ J!i!:h_ 
5 ( 14) 14(14) 
Bl ank Bl ank 

_p,_,p_m_ __!?E!!!_ 
Bl ank 

Average 
ppm 

B 
Ba 
Ca 
Ce 
Cr 
Dy 
Fe 
K 
La 
L i  
Mg 
Mn 
Mo 
Na 
Nd 
N i  
Rh 
Ru 
Si 
Sr 
Te 
Ti 
Zn 
Zr 
137cs 

5 .83 7 . 5  
3 . 24 9 . 9  

( 0 . 007 ) 0 . 2  
0 . 294 1 .8 

0 . 027 3 . 6  

0 . 051 
( 0 . 6 )  9 . 4  

( 0 .015 )  

0 .025 
( 0 . 6 )  

2 . 17 
0 .045 

9 . 7  1 .  76 

20 . 4  

0 . 3  0 . 082 

( 0 .06 ) 
6 . 1  1 8 . 6  

3 2 . 4  1 1 . 3  24 . 3  
0 .020 2 . 1  0 .029 

( 0 . 001 ) 

10 . 2  

( 0 . 002 )  

6 . 7  
8 . 3  
1 .0 
2 . 3  

( 0 .007 ) 

0 .008 
4 . 3 ( 0 . 5 )  

9 . 1  2 . 01 
1 . 1  0 .064 

5 . 1  2 1 .8 

7 . 0 26 .9  
3 . 1  0 .028 

( 0 . 002)  

8 .8 

6 . 5  7 . 56 9 . 0  
8 .0 1 .62 9 . 0  
1 . 1  0 .004 0 . 4  
2 . 5  0 . 162 1 .5 

0 . 022 
3 . 1  

9 . 1  2 . 40 9 . 1  

0 . 100 

0 . 59 

0 . 072 0 .086 
( 0 . 00 3 )  0 .002 
0 . 102 0 .051 

( 0 . 008 ) 0 .004 

0 . 40 0 . 50 

0 . 6  0 .014  0 . 045 0 . 020 0 . 033 

( 0 . 005 ) ( 0 . 007 ) 
6 .7 21 . 8  7 .8 1 1 . 1  1 3 . 1  1 2 . 1  

7 . 2  33 . 4  10 . 5  6 . 90 9 . 68 8 . 29 
2 . 7  0 . 005 0 . 9  ( 0 .001 )  ( 0 .002 ) 0 .002 

8 . 9  

0 . 012 ( 0 .005 ) 0 . 009 
0 . 426 

Average of 
Acceptabl e 
Can i s tersc 

( NL ) ;  
7 . 1  
8 . 4 
0 . 5  
2 . 3  

[ 3 . 2 ]  

7 .0 

8 . 9  
0 . 6  

5 . 8  

9 . 9  
3 . 0  

9 . 1  

Standard 
Devi ati on 

0 . 5  
0 . 8  
0 . 4  
0 . 3  

0 . 7  

2 . 5 

0 . 5  
0 . 6  

0 . 7 

2 . 0  
0 . 5  

1 . 1  

a .  ppm by wei ght;  bl ank i ndi cates el ement not detected; parentheses ( ) i ndi cates resul t near l i m i t  of detect i o n .  

b .  For a l l  el ements except 137cs , ( NL ) i = ( ppm-bl ank)  ( grams l eachate ) 
( f i ) ( SA i n  meters2l ( 10

6
) 

For 137c s  ( NL ) . = ( acti v i ty/mL ( mL of l eachate) ( g  of spec ime n )  
• 1 ( acti vity of control sample/mg (mg of specimen) 2 : ( SA i n  meters l 

Dash ( - - )  i n d i cates e i ther ( NL ) i <0 . 05 , was negative after correctio� for bl ank , or analyses of origi nal material  
not ava i l abl e to  cal cul ate fi . 

c .  See Tabl e 11 for bas i s  of acceptabl e data . Brackets [ ] i ndi cate tha t  the average was cal cul ated using  only those 
spec imens for which a val ue is shown . 
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TABLE D-8 . CHEMI CAL ANALYS I S  

1( 28) 
Z2-3 

E l ement ppm 
Al 10 . 2  
B 5 .06 
Ba 0 . 12 
Ca 0 . 118  
Ce 1l . 110 
Cr 0 .063 
Dy 0 .013 
Fe 0 .027 
K 1 .32 
La 0 .029 
L i  3 . 54 
Mg 0 .019 
Mn 
Mo ( 0 .015 )  
Na 1 6 . 6  
Nd 0 . 16 
Ni  0 . 022 
Rh 0 .1 3  
R u  ( 0 .05 ) 
Si 4 2 . 9  
S r  0 .018 
Te 0 . 19 
Ti 0 . 029 
Zn 
Zr 0 . 0 1 1  
137cs 

. " 

( NL )  i 
9 . 9  

1 1 . 9  
3 . 6  
0 . 2  

19 . 4  
7 . 4  

1 5 . 5  

11 .9  

9 . 2  
28 . 2  
1 5 . 5  
30 . 6  

7 .4 
1 .6 

0 . 1  

1 1 . 3  

2{28) 
Z2-3 

ppm J!!!:.h 
1 7 . 9  6 .8  
10 .5  9 .6 
( 0 .012 ) 0 . 1  
0 .06 1 

( 0 .06 ) 4 . 1  
0 . 140 6 . 4  

( 0 . 008 ) 
0 .078 0 . 1  
2 .05 9 .4  

( 0 .015 )  
7 .64 10.0 
0 .022 

( 0 . 002 ) 0 . 1  
( 0 .025 ) 
33 .7 7 .2 
( 0 . 1 3 )  8 . 9  
( 0 .019 ) 5 . 2  
( 0 .08 ) 7 .3 
( 0 .02 ) 
68 .4 6 . 4  

0 .010 0 .3 
( 0 . 1 3 )  
( 0 .03 )  

( 0 .012 ) 

RESULTSa AND ( NL ) ;
b FOR 28-DAY TESTS 

Specimen Number/Source 
4{28) 6!28) 8{28) 9{28) 10{28) 
76-68 Z4-3 Z5-3 Z5-3 Z4-5 

� J!!!:.h ppm Q!lli. ,2Pm J.!!!:.h ppm Jl!.l:.li_ ppm J!!!:1.i. 
5 . 95 7 . 8  5 .59 6 . 1  12 . 1  5 .4 5 .46 6 .9 

6 . 14 2 1 . 1  3 .05 10 .0 2 .43  8 .9  5 .48 8 .2 2 . 65 8 . 4  
0 .019 0 . 3  0 .016 0 . 6  0 . 018 0 . 6  0 .018 0 . 2  ( 0 .016 ) 0 . 5  
0 . 153  0 .4 0 .366 2 . 1  0 .362 1 .7 0 . 1 28 0 . 1  0 . 197 0 .8 

0 . 38 ( 0 . 24 )  2 . 4  
0 .036 4 . 4  0 .047 0 .041 ( 0 .046 ) 5 . 5  

0 . 032 ( 0 .020 ) 
0 .081 0 . 1  0 .029 0 .052 0 . 2  ( 0 . 040 ) ( 0 .036)  0 . 1  

( 0 . 6 )  4 . 9  1 .23 8 . 3  1 .45 4 . 0  ( 0 . 8 )  6 . 3  
( 0 .014)  0 .048 ( 0 . 009 ) ( 0 .034) ' 

1 . 94 9 . 6  1 . 93 9 . 4  4 . 44 8 . 8  1 .88 8 . 9  
0 .027 0 .046 0 .085 0 . 7  0 .032 0 .040 

( 0 . 003 ) 0 . 3  ( 0 .003 ) 0 . 4  
2 . 69 ( 0 .01 1 )  0 .024 ( 0 . 01 1 )  ( 0 .020 ) 

20 .2 21 .8 8 .80 ' 6 .9 7 .87 5 . 9  18 .4 5 . 6  8 . 59 6 . 5  
( O .) l l  9 . 9  0 . 25 {0 .06 )  ( 0 . 2 3 )  1 9 .8 
( 0 .010 ) 3 . 3  0 . 042 ( 0 . 006 ) ( 0 .03 ) 9 . 5  
( 0 .04 ) 6 .6 0 .29 (0 . 23 ) 36 . 4  

( 0 .08 )  ( 0 . 05 )  
106 40 . 2  3 2 . 2  5 . 3  45 . 2  9 . 9  6 7 . 3  7' . 7  39 .0 8 . 5  
0 .036 0 .024 3 . 4  0 .023 2 . 5  0 .015 0 . 7  0 .022 3 .0 

( 0 . 1 3 )  0 .23  ( 0 . 1 1 ) ( 0 . 1 7 )  
( 0 . 0 1 5 )  0 . 033 0 . 1  0 .018 ( 0 .028 ) 0 . 1  

( 0 .006 ) 5 . 9  0 . 022 ( 0 . 006 ) ( 0 .018 ) 
9 . 1  7 .5 9 . 0  
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TABLE  D-8 . ( conti nued) 

E l ement 
Al 
Ba 
Ba 
Ca 
Ce 
Cr 
Dy 
Fe 
K 
La 
L i  
Mg 
Mn 
Mo 
Na 
Nd 
N i  
Rh 
Ru 
Si  
Sr 
Te 
Ti 
Zn 

1 1 ( 28) 
Z4- l  

ppm ( NL )  i 
5 . 97 

2 . 90 
0 .012  
0 . 14 1  

7 . 7  
9 .4 
0 .4  
0 .5 

0 .031 3 .8 
( 0 .006 ) 
0 .027 

( 0 .4 )  3 . 2  
( 0 .0 1 1 )  
1 .99 9 .  7 
0 .026 

( 0 .012 )  
9 . 24 7 . 1  

( 0 . 1 1 )  9 . 7  
( 0 .010 ) 3 . 2  
0 .037 6 .0 

44.8  1 1 .6 
0 . 020 2 .8  

( 0 . 1 2 )  
0 .016 

12(28) 
Z2-5 

ppm 
6 .42 

3 .09 
0 .037 
0 . 209 

J!i!:li_ 

(0 .07 )  
0 .048 

( 0 .008 ) 
0 .037 

( 0 . 6 )  
( 0 .014)  
2 .09 
0 .017 

( 0 .014)  

7 . 7  
90 
1 . 3  
0 . 9  

15 . 3  
7 .0 

0 . 1  
8 . 7  

8 . 7  

9 .87 6 . 7  
( 0 . 1 5 )  3 2 .7 
0 .015 13 . 1  
0 . 1 1 1  3 2 . 2  

( 0 .02 ) 
34.3  5 .4 
0 .020 2 . 2  

( 0 . 12 )  
0 .020 0 . 1  

• 

Specimen Number/Source 
13(28) 1 5 (28) 
ZVDP-4 Z4- 3  

ppm J!i!:li_ ppm � 
8 . 23 9 . 4  10 . 9  5 . 7  
1 .81  10 . 2  5 .85 7 .6 
0 .012 1 .6 0 .028 0 . 4  
0 .033 0 .291 0 .6 

0 .. 022 
( 0 .006 ) 
0 .041 

( 0 . 4 )  
0 .011  
2 .67 
0 .012 

( 0 .013 )  
12 . 3  
( 0 .09)  
( 0 .009) 
( 0 .06)  

5 2 . 9  
0 . 006 

( 0 . 10 )  
0 .018 

9 .9 

1 .0 

9 . 7  

9 . 5  

1 2 .6 
1 . 8  

( 0 .08 )  3 . 5  
O .Q58 2 .8 

( 0 .01 1 )  
0 .086 3 .6 
1 .42 4 . 6 

( 0 .0 1 7 )  
4 . 33 8 .4 
0 .034 

( 0 .003 ) 0 . 2  
( 0 .0 1 5 )  
19 . 2  5 . 9  

0 . 14 5 .0 
( 0 . 021 ) 2 . 7  
0 . 101 6 .6 

( 0 . 0 3 )  
49 . 5  5 .6 

0 . 020 1 . 1  
( 0 . 12 )  
0 . 116  0 . 1  

16(28) 
Z2- 1 

ppm 
6 . 67 
3 . 74 

0 . 011  
0 . 1 16 

� 
7 .8 

10 .7 
0 . 3  
0 .3 

0 .043 6 . 2 

0 .029 
( 0 . 5 )  7 . 2  
( 0 .005) 
2 . 50 10 . 2  
0 .022 

( 0 .014 )  
1 1 . 5  7 . 7  

0 . 1 2  2 5 . 7  
( 0 . 01 1 )  9 . 4  
0 .047 1 3 .4 

38 .8 7 .3 
0 . 016 1 .  7 

( 0 . 10 )  
0 . 016 

Zr 
137cs 

( 0 .006 ) 0.6 ( 0 .009)  7 .8 ( 0 .007 ) 6 . 3  ( 0 .010 ) 3 .9 ( 0 .005 ) 
10.2  1 0 . 3  10 .3  

18(28) 
Z5-1 

ppm 
5 .05 
1 .94 
0 . 12 
0 . 303 

( 0 .06)  

� 

0 .026 
( 0 .006 ) 
0 .034 

( 0 . 5 )  
( 0 .016)  

1 . 59 
0 . 52 

( 0 .010) 

6 . 2  
7 .9 

0 . 4  
1 . 5 

0 . 1  
3 . 7  

8 . 6  

6 .69 5 . 5  
0 . 12 

( 0 .01 5 )  
0 .078 

36 . 2  6 .6 
0 . 022 2 . 7  

( 0 . 14 )  
0 .016 0 . 1  

0 . 008 
8 .2 

5( 28) 
Bl ank 

ppm 

( 0 . 003 ) 
0 .073 

0 .028 

0 .051 

2 1 .8  

o ;o13  

a .  ppm b y  we i gh t ;  bl ank i ndi cates el ement n o t  detected ; parentheses ( ) i ndi cates resul t near l i mi t o f  detecti on . 

b. For a l l el ements except 137cs ( NL ) · = ( ppm-bl ank ) ( grams l eachate ) 
• , 2 6 ( f i ) ( SA i n  meters ) ( 10 ) 

For 137cs ( NL )  _ ( acti v i ty/ml ) ( ml of l eachate ) ( g  o f  spec i men)  

" 

Average of 
Acceptabl e 
Cani stersc 

( NL ) i  
7 . 5  
9 .5 

1 .0 
1 .0 

[ 12 .4] 
[5 .7]  

0 . 1 
7 .2 

9 . 6  

6 . 9  
[ 2 1 .0] 

[ 9 .0]  
[ 20 .9] 

7 .7 
2 . 5  

[ 0 . 1 ]  

9 .4 

Standard 
Dev i ation 

1 . 1  
1 .2 

1 .0 
0 . 7  
7 . 2  
1 .3 

0 . 4  
3 . 7  

1 . 0  

1 . 1  
8 .8 
4 . 6  

12 .6 

2 . 0  
0 . 6  

1 . 2  

' _ i - I activity of control sampl e/mg ( mg of spe
,
c l men)  ( SA i n  metersz ) 

Dash ( -- )  i ndi cates ei ther ( NL ) i <0 .05 , was negati ve after Correcti on for b l ank , or analyses of ori gi nal materi al not ava i l abl e 
to cal cu l a te fi . 

c .  See Tab l e  11 for bas i s  of acceptabl e data . Brackets [ ] i nd i c ate that the average was cal cu l ated u s i n g  only those spec i mens for whi ch 
a val u e  i s  shown . 



TABLE D-9 . 137cs  ACTI V I TY RESULTS FOR RAD I OACTIVE  V I TR I F I ED 
ZEOL ITE L EACH TESTS 

Spec i men Cani ster Acti vi ty ( NL� · 
Number Level ( � C i /mL ) ( g/m J 

1 ( 3 }  Z4-3  1 3 .40 6 .8 
2 ( 3 }  Z2-3 13 . 97 6 . 5  
3 ( 3 }  Z5-3  10 .69 6 .5 
4 ( 3 }  ZVDP-4 �2 x w-5 

6 ( 3 } 76-68 3 . 1 x w-5 
7 ( 3 ) Z5- 5  9 . 1 1 5 .4  
8 ( 3 }  B l ank �2 .1 x 1 o-5 

9 ( 3 )  Z5-1 9 . 15 5 .3  

1 ( 14 )  Z4-5 16 .33 8 .3 
2 ( 14 )  Z4-3 1 3 .76  6 . 9  
3 ( 14 )  Z4- 1  18 .38 8 .9 
4 ( 14 }  76-68 3 . 4  x w-3 

5( 14}  Bl ank 5.6 x 1o-4 

7 ( 14 )  Z2-5 1 7 . 73 10 . 5  
8 ( 14 )  Z2-3 18 .62 10 . 1  
9 ( 14 )  Z2- 1 17 . 96 10 . 2  
10 ( 14 }  Z5-3 1 5.78 8 .8 
1 1  ( 1 4 }  Z5- 1  18 .09 8 . 9  
12a ( 14 )  Z4-3 1 7 .29 8 .9 
1 2b ( 14 )  Z4-5 19 . 17 9 . 1  
1 5a ( 14 )  Z2-3  1 7 . 56 1 0 . 3  
15b ( 14 )  Z4- 1  13 . 17 6 . 9 
16a ( 14 }  Z5-3  2 .85 1 .6 
17a ( 1 4 )  Z2-5 1 5 . 77 9 . 5  
1 7 b ( 14}  Z5- 1 1 3 .49 7 .8 
18a ( 14 )  Z5- 5  1 3 . 78 7 . 8 

1 ( 28 )  Z2-3 26 .83 1 1 .4 
4 ( 28 )  76-68 2 . 2 x 1o-4 

5( 28 ) Bl ank 1 . 2 x w-4 

6 ( 28 )  Z4-3 17 . 55 9 . 1  
8 ( 28 )  Z5-3 14 .21  7 . 5 
10 ( 28 )  Z4-5 15.81  9 .0 
1 1  ( 28 ) Z4-1 1 7 .49 1 0 . 2  
12 ( 28 )  Z2- 5 19 . 68 10 . 3  
16 { 28)  Z2- 1 20 .04 1 0 . 3  
18 ( 28 )  Z5- 1  1 4 . 0 1  8 . 2  

D-14 

• 

• 


