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1. Development ~f Aqueoiis Processes for LMF 

'The work concerned with the development o f  q u e -  
ous processes for LMFBK fuels i s  iiot reported here this 
year, in comp1i;ince with regulations which stipulate 
that such informalion must be distributed solely under 
the category UC-79 .-- LiyuidJ~letal Fast  Breeder been discussed in documents of a topical nature. 

Reactors. The results of O U L  studies have been summa- 
rized in the LIMFBR Fuel Recycle Frogrum Progress 
Report fir the Period April I to December 31, 1974 
(OKNLTMltk36). Some areas of the work have also 
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4. Waste Managemeiit 

4.1 GEOLOGIC DISPOSAL 
EVA4LUATION PROGRAM 

The Geologic Disposal Evaluation (GDE) Program, as 
now constituted, has two objectives: first. to evaluate 
the suitability of all potential geologic forinations and 
rock types in the continental United States as perma- 
iieiit receptacles c3r repositories for any- category of 
r;rdioactive waste, using any appropriate emplacement 
technique; secund. for those proniising geologic forma- 
t ion~~~waste- type~-ernplacement  technique systerns, to 
carry out the research and development activities that 
could eventually lead to the establishment of actual 
waste repositories using one or more of these systems. 
During the current report period. emphasis has been 
focused on ( I )  geologic and hydrologic studies of a 
number of rock types. to evaluate their fundamental 
suitability for use ;IS waste receptacles, and (2) develop- 
mental studies. in particular those concerned with rock 
mechanics. rock properties, and radiation effects on 
rocks and borehole plugging. 

Major changes have occurred in the GDE engineering 
programs during the past year. The Bedded-Salt In-Situ 
Experimental Program to  support the high-level wastc 
repository design effort at the New Mexico site was 
terminated in late August 1974. With the assignment of 
primary responsibility for the design, constiuction, and 
operation of an alpha repository to Sandia Laboratories 
in February 1975, all ORNL engineering efforts direc- 
ted toward the design of an alpha repository at the New 
Mexico site were terminated (or will be by the end o f  
FY-19’75). Engineering efforts are now directed solely 
toward evaluating and assessing promising waste dis- 
posal systems developed by the GDE Program 

Geology and E I j ’ C h I O @  

‘I’he objective of the geologic and hydrologic studies is 
to investigate the general characteristics, features, and 
occurrence of a number of rock types so t h a t  their 
fundamental suitability for use as radioactive-waste 
receptacles can be evaluated. The principal characteris- 

tics to be examined for this purpose relate to stability 
(both short-term mechanical stability for the operations 
and long-term stability for preservation of waste con- 
tainriierit ) and tightness (i .e., isolation from the circulat- 
ing waters of the biosphere). This will be accomplished 
largely through the study of mines and other under- 
ground openings constructed in the various rock types 
throughout the couiitry. Thc geologic formations or 
rock types under investigation include: (1 )  rock salt 
(interior salt domes of the Gulf Coast area; Salt Valley 
anticline and other structures in the northwest portion 
of the Paiatiox Hasin; and deep bedded salt deposits of 
the Williston, Supai. and Salina Basins); (2) argillaceous 
rocks (shales and espccially the Pierre Shale forination); 
(3) carbonate rocks (limestones in northern Ohio and 
Kansas City areas, and the Selma Chalk in Alabarua and 
Mississippi): (4) volcanic rock (basalts and tuffs); (5) 
ciystalline rocks (granitic intrusives and high metamor- 
phics); and (6) porous and perrneablc formations for 
disposal of fluids. 

Bedded salt, salt domes, and salt anticlines. The 
stratigraphy of the southeastern Mew Mexico repository 
site developed from cores taken from exploratory 
boreholes AEC 7 and 8 indicates that marginal commer- 
cial potash ore zones orcur in the McNutt potash zone 
of the Salado Formation that overlies the three candi- 
date salt horizons which are at depths of 1900, 2100, 
and - 2700 ft. A. single-unit seismograph operating at 
the site since January 1 ,  1974, sensed one significant 
seismic event which is being vtudied to determine 
whether it might have been a small earthquake or a rock 
fd l  in a nearby potash mine. Based on geologic and 
engineering studies. it was concluded that no econorni- 
cally significant oil and gas fields are likely to  be 
discovered in or around the site. Several studies are 
under way to determine tectonic stability, hydrologic 
stability, and location of salt domes suitable for waste 
storage facilitics. Preliminary analysis of the data 
indicates that several domes appear t o  be suitable. A 
preliminary geologic investigation of the salt anticlines 
in Paradox Valley, IJtah, indicated that the deposits at 
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the northernmost portion of the Salt Valley anticline 
have the greatest potential for a waste repository site. 

Argillaceous rock. A survey study was conipleted 
which explains and i1lustr;ites the critical geologic and 
hydrologic characteristics of several rock types, such as 
shale and mudstones, which would be iiistruniental in 
their containment of radioactive wastes. Since the rilost 
affirmative evidence of hydrologic tightness and me- 
chanical stability of rock exists in subsurface excava- 
ticin, a survey was conducted of the more than 80 
caverns that have been constructed for storage of liquid 
petroleum gas. Those regions of the United States that 
appeared most favorable for a waste storage cavern were 
delineated. Studies were iiiir.iatec1 to evaluate tlie 
suitability of the Pierre shale formation and the Green 
River oil shale formations as waste repositories. 

Carbonate rock. S i  udies ;ire in progress i.o evaluate 
the suitability or the essentially dry limestone forma- 
tioris near Barberton, Ohio, and Kansas City, Kansas, as 
waste reposit rxies. 

Volcanic rock. Studies are under way to  provide 
information about the geologic and hydrologic factors 
affecting the utility of basaltic rocks and tuff for waste 
disposal. Specifically, information about the rock 
underlying the Hailford Plant Site and Nevada Test Site 
is being evaluated. 

Crystalline rock. A srudy was initiated i o  ev:ilu;ite the 
information available fmm geologic studies at the 
Savannah River Keservai ion and to  extrapolate it to 
other areas in the eastern coastal plains with the same 
type of rocks. A similar study was initiated o f  the lock 
in the Mirinesota Michigan, Wisconsin, arid neighboring 
Canadian areas to establish I tie geologic and hydrologic 
conditions that cause mines in this area to be dry or 
wet. 

Arenaceous rock. Studies are under way to  evaluate 
small arid “enclosed” basins corilaining rock fornial ions 
of adequate porosity and permeability to receive liquid 
waste . 

evelopinental Studies 

Various studies are in p r o p s  to provide the experi- 
mental and deve1opnierit;il information necessary to 
support both the geologic arid hydrologic studies and 
the engineering assessment studies, in particular, arid t o  
evaluate the impact of the waste di5posal operations per 
se and other works of irran on the long-turn coiitain- 
ment prcmiticd by ariy geologic; rormation. These studizs 
include the developmen!. of borehole plugging tech- 
niques; mine stability and rock mechanics analysis, rock 
property irieasurernent.s, aiid rock-waste interactions. 

Rock property measurements. The coefficient of 
rhermal expansion (CTE) for pure NaCl crystals and 
natural rock salt from the Lyons mine has been 
measured ‘The CTE of the pure crystal agreed well with 
the reported liteiature values and fits the evpressiun 

CTE = 01 X “C-’ = 4 1  0.3 - 2.984 X 1O3/lt2 

+ 1.015 x 10- t+ 3.352 x 10-5f2. 

Natural rock salt C’TE nleasuremends differed greatly in 
that the sample expanded rapidly and irreversibly on 
first heating to 140°C; t h i s  wits probably due to the 
expansion of the brine inclusions exceeding the plastic 
liinit of tlie salt lattice, thereby causing plastic strain or 
defomiation. Thus. the results obtained on healing the 
sample iire only valid for this particular time-tempera- 
ture history. The results cjbtaioed (311 cooling, however, 
show that the true GTE of natural rock salt is 
essentially that of pure NaC1 after the induced stress is 
relieved. 

A device, the “plane probe,” for rapidly I l l~~SlJ l~ l lg  
the thermal cimduct.ivity and therilial diffusivity of 
rock samples has been developed arid tesletl and is now 
operational. The results will be used in t l i e r i d  analyses 
studied to determine the effect that heat released froin 
ratlioaci.ivc waste will have on various waste dkposal 
systems o f  interest to the GDE Program. 

Rock mechanics. Tlie rock mechanics analysis e [for t 
is divided int.0 two parts: ;L finite-elzment analysis 
technique using both theirnoelastic-plastic and tberrno- 
viscoelastic laws to model the stability o f  mine excitva- 
Lions, and a comp1ertient;iry seniiempirical model to 
sirnillate a full-sized repository. Both  models are being 
validated using appropriate actual mine stabi1it.y data. 

Storalenergy studies. The stored-energy studies on 
salt and solidified wastes were essentially ccxnpleterl. It 
was corichded that the storage of radiation energy in 
salt will not present any barrier to  the safe operation of 
a salt mine repository. h t a  obtained with solidified 
wasi.es in  a cooperative program with Ricific Northwest 
Laboratory are still being analyzed. A review of the 
general aspects of radiation darnage and energy storage 
in solids, and of pertinent physical and chemical 
properties o f  rocks (in particular, silicate minerals and 
liniestoiie), does riot indica1 e any significanl amounts of 
stored energy or :my signifjcant radiation-induced 
chemical effects at the g:umna dose and the fast- 
neutron fluences (< 10’ ’, > 3.4 keV) that will prevail 
in the rock immediately adjacent to buried waste. This 
program is being rediiecled into a broad study o f  
rock-waste interactions to  obtain inCorniation, s u c h  as 
the migration of radionuclides from waste through the 
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geologic foi-mation; the effects of radiation on physical 
:rnd c h e m i c a l  ;?roperties o f  rock: chemical interactions 
between hr/aste arid rock; the effects of  high tempeia- 
tures, includiiig iiiclting (oil hot11 waste and rock): and  
methods for effectively isolating waste p x k a g c s  from 
Ihc r0c.k ;ind the c,ircul;iting giound\v:iicr. 

boreholes that have been o r  w:ll he tlrillcd ;it :ill 
prospective w a s t e  repository sites inust I ! Y  pluggc'd, i t  is 

only t o  study the dissolution of soluhle cock Iiistoii- 
c;illy a d  theoretically but also to  develop materials 
and techniques f o r  emplacing aiid test ing ilie borehole 
plugs. Studies are under way ( I j to deteii1iiiie the 
Iiistory of s a l t  di\wlutiun aroiind boreholes in the 
Hutchinson salt foiinatiorl i i i  Kansas: ( 2 )  to develop and 
validate :I matheiiiatical model of s a l t  di>iolutioii 
around :I borehole in a s a l t  bed w!Iich would predict the 
size and shape L ) t  t h e  cavity t h a t  would develop if fresh 
water en ters  the top of  the  foi-matioi i  wi!h brine 
removal at  the  buttom; and ( 3 )  t o  develop and vslidate 
:I 111:ithe[jiittic;lI model of  convective-di~fiisive flow !!: a 
static-w;l.ter coluniii in x i  opcn borehole. 

( 1 j t o  develop methods f o r  mechanicaily f'oiiliing a 
h r e h o l e  plug with ~i:rtui-;ll niaterials. cticl: : i ~  s h a l e s .  (-1) 
t o  chemicaily enipiacc :$ horehole plug by Iiydrotl!ernial 
transport (usu,illy by aqueous sulutions ;it t e ~ : i p ~ i ~ i i i i ~  
;iiid pressui-es difi'erznr froiii tlic m b i c n t  i. and (.? ) f i l l  

rock sa l t ,  to  grcrw 3 mulien-salt plug in 5it:i ( ' i v i l  

engineziilig groiitirrg twl in iqucs  and coinineiii,il  bore- 
hole plugging progr;lnis were d s o  review-;! i i i l d  a slur! c'y 
~ i '  the lItei-,liilre p'iiainitlg to ii,iidr:tlly o c i u r i i n g  
boretiole plugs W E  .ai-lied o u t ,  

Most o f  t l i ese  studies will be ioiiipleted early i n  
t,'Y-iO i h .  Tlic information obrairied will be ev:ilusted 
:I 13 d i i  sed i i i  dm el  i ) piiig a p r og irLi r n  t I fie 1 d - t c s t prom i si 11 g 
nuteri;ils and ei11p!:iceiiitilt :cilriiiqac, i : ,  sit b. 

Boi-2Fnl.P plliggiiig ~ salt dissc 

In addition, s r V , c r ~ l  ongoing pi(>g:iillS :ire i n  ~ I - O ~ I -  
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contain large qiuantities of chemical reagents. In addi- 
tion to  the problem of the inextractability of pluton- 
ium from waste solutions, sufficient information has 
not been obtained relative to  the plutonium content 
and nature of the solids generated in the processing of 
spent fuels. A considerable amount of work is still 
required to define the scope of the solids problem and 
to develop methods for preventing plutonium losses to  
these solids. 

Material-balance flowsheet studies show that actinide 
removal according to ou r  concept -. or any concept . - ~  

will require extensive recycle. Demonstrating that this 
recycle can be accomplished is a major undertaking. For 
example, conclusive proof will be required that none of 
the steps involved will lead to  a buildup of impurities 
which could cause process failure. Unfortunately, n o  
pi-evious experience is available concerning the opera- 
tion of a large-scale radiochemical plant which utilizes 
extensive recycle of the wasta >treams. (1 

Activities carried out this year included: (1) iabora- 
tory and bench-scale experiments with tracer-level 
activity in synthetic waste solutions to determine the 
chemical feasibility of selected process methods, (2) 
investigation of solids formation in waste solutions, (3) 
conceptual flowsheet studies of alternative separations 
processes, and (4) scoping studies relative to recycle 
and transmutation of the actinides. 

Reproces~ilag Modifications 

We prepared a conceptual material-balance flowslieet 
for a modified Purex process that includes the recycle 
of nitric acid as well as the aqueous, actinide-bearing 
waste streams generated in the partitioning and purifica- 
tion cycles for uranium, neptunium, and plutonium.' 
In addition. we carried out some experimental studies 
on the extractability of neptunium from synthetic 
wastes and its subsequent partitioning. Studies of 
plutonium extractability are reported in Sect. 8.4. 

In our conceptual flowsheet, the uranium, neptun- 
ium, and plutonium are recovered in a primary Purex 
plant in which the uranium and neptunium concentra- 
tions are reduced to  the required levels by additional 
stages of Purex extraction. 'The h r e x  process has the 
capability for accomplishing the required uranium and 
neptunium recovery and for removing perhaps as much 
as 99.8% of the plutonium. Our conceptiial flowsheet 
includes the recycle of the nitric acid and actinide 
vaiues from all of the intermediate- and low-level 
aqueous waste streams. except those wastes from 
solvent purification arrd off-gas treatment. Recycle of 
the aqueous waste streams is based on the use of a 

partitioning reductant other than ferrous sulfamate, 
which would add sulfate to the high-level waste. The 
sulfzite also interferes with recycle of the actinide values 
from the partitioning and purification cycle wastes. A 
considerable amount of experimental work remains to  
be done on the recycle steps of the flowsheet t o  
determine whether they will lead to an accumulation of 
impurities that could inhibit recovery of actinides. Also, 
experimental work needs to be done preparatory t o  
developing a conceptual flowsheet for recycling 
actinides from the solvent purification wastes. 

Laboratory batch extraction tests showed that greater 
than 98% of the neptunium V J ~ S  removed by two stages 
of TRP extraction when tracer-level neptunium was 
maintained as Np(V1). Qualitative rate mesurements 
showed that ferrous nitrate reduces Np(V1) to Np(IV) 
at a satisfactory rate for partitioning plutonium from 
neptunium and uranium. The required reduction times, 
10 to  20 min, appear to  be compatible with the holdup 
time of production-size solvent extraction columns. The 
variables affecting the reduction rate of Np(V1) were 
determined in a fundamental investigation (see Sect. 
8 -4). 

Recovery of Americiuni and Cmium 

Several processes for the recovery of americium, 
curium, and transcurium elements from high-level waste 
are being evaluated in the Laboratory. using tracer-level 
activity in synthetic wastes. All of the processes involve 
isolating the chemically similar trivalent lanthanide 
fission products and trivalent actinides (americium, 
curium, and transcurium elements) from the other 
waste elements and then separating the trivalent 
actinides from the lanthanides by cation exchange 
chromatography or by the Talspcak solvent extraction 
process. Experimental studies on the Talspeak process 
are being carried out under the Separations Chemistry 
Prograin (see Sect. 8.3). The processes being studied for 
the separation of the trivalent actinides and lanthanides 
(trivalent elements) include: (1) cation exchange, (2) 
oxalate precipitation coupled with cation exchange, and 
( 3 )  TBP extraction from solutions heavily salted with 
aluminum or lithium nitrates. Each of these processes 
has certain advantages and disadvantages. Additional 
experimental studies are needed to  permit selection of 
the optimum overall process for removing americium 
and curium from high-level radioactive waste. Involved 
in this selection is the preparation of detailed flow- 
sheets wiLh recycle or satisfactory handling of every 
waste stream, including waste solvents and spent resins. 

Cation exchange, the method we studied most exten- 
sively for removing the trivalent elements, appears 
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promising. In this process the trivalent elements and 
certain of the fission products (primarily zirconium and 
some palladium) are loaded on cation resin from 1 M 
FINO3 solutions of waste, arid the trivalent elements are 
then eluted selectively with 3.5 A4 HN03. We have 
demonstrated greater than 99.9%) recovery using ameri- 
cium, europium, cerium, and erbium tncers  in syn- 
thetic waste. Aside from ion exchange resin, nitric acid 
is the only chemical reagent added in the processing. 

Coupling oxalate precipitation with ion exchange may 
be an attractive alternative to  an all-ion-exchange 
process for removing the trivalent elements. This 
process has been demonstrated in the laboratory. using 
synthetic wastes. A single oxalate precipitation was 
used in a first step to  remove about 95% of the trivalent 
elements and also to complex the zirconium; then a 
cai.ioti exchange column was used as a h a 1  “polishing” 
step to  remove the residual trivalent elements and any 
solids or colloidal material remaining after the precipita- 
tion step. Considerably less ion exchange capacity is 
required in these operations than in the all-ion-exchange 
process. Measurements with radiotracers showed greater 
than 97.9% recovery of the trivalent elements. The 
sepxation of oxalate precipitate need not be accotn- 
plished in t.he lirst step to  be quantitative, since any 
residual precipitate will be retained by the ion exchange 
column and will be dissolved when the trivalent 
elements are eluted from the resin colutnn with 3.5 ill 
H N 0 3 .  A question yet to be resolved with regard to the 
oxdate precipitat.ion step is whether the precipitation 
and solids remowl step is feasible in remote operations. 

Tributyl phosphate extraction from heavily salted 
solutions may be a viable method f o r  the recovery of 
the trivalent  element^.^ I f  satisfact.oxy methods can be 
developed for recycling the salting agents, Purex-type 
technology might be extended t o  remove americium- 
curiurn and transcurium elements along with the heavy 
larithanides at the time of fuel reprocessing. In nitratc- 
salted systems, the light lanthanides (about 80 mole ”/o 
of the lanthanide fission products) can be partitioned 
from the trivalent actinides and heavy lantlianides. 
Laboratory studies with synthetic wastes have shown 
that about 95% of the salting agent, A1(N03)3, can be 
recovered for recycle by precipitating it froru 15 ilf 
I-%N03 solution. The extra acid required to  precipitate 
ihe salting agent could then be recovered by distillation 
and reused. 

4. .I. M. McKibben et a1 , l’nrtitioning of Li~h!ili Lawthrrnidcs 
from ArlzwideA by Solvent Eytractron with TBF, iW-1361 
(August 1974) 

Ion exchange chromatography appears attractive as a 
method for separating the trivalent actinides from the 
lanthanides in both conceptual flowsheet and labora- 
tory studies. Emphasis of the laboratory work has been 
directed to the use o f a  hydrogen ion barrier for elution 
rather than a metallic ion barrier such as zinc, because 
this would diminish the addition of nonvolatile solids to  
the waste streams. Laboratory studies show that a 
barrier-ion composition of 80% H+~~-20% %n2+ yields 
good separations. This composition considerably re- 
duces the quantily of zinc required and simplifies tlie 
treatment of waste streams from the separations 
process. 

We have completed conceptual material-balance flow- 
sheets for the recovery of americium-curium by an 
all-ion-exchange process and foi recovery of the tr i -  
valent elements by oxalate precipitation coupled with 
ion exchange. We view these flowsheets as tentative and 
preliminary, sirice many of the process steps require 
experimental verification a t  full activity level and in 
regard to performance of recycle concepts and minor 
fission product behavior. A great deal o f  work remains 
to  be done to confirm the overall flowsheets. ‘The 
conceptual flowsheets for the all-ioii-ext:Ii~uige process 
are shown in Figs. 4.1 and 4.2. Material balances are 
based on the high-level waste from reprocessing 1 
metric ton of LWR fuel irradiated to  a burnup of  
33,000 MWd/inetric ton. 

Formation of Solids in Waste Solutions 

Studies are being carried ont to identify tlie solids 
present in waste solutions and, ultimately, to determine 
their actinide content. In  most of our work, we used 
synthetic waste solu~:iotis; however, we recently ob- 
lained solid residues from the dissolution of irradiated 
LWR fuel (burnup: 33,000 MWdlmelric ton). Synthetic 
wasle solutions contain a small amourif of solids when 
they are prepared. ’T’hese solids consist primarily of 
zirconium, tin, siIvcr, halides, and some selenium. On 
aging the waste solutions, small arnounts of solids 
containing predominantly zirconium and molybdenum 
continue to precipitate. Srnall quantities o f  colloidal 
material are also formed during the aging and can be 
detected by a Tyndall benm. Although awalyses of the 
residues from fuel dissolution are incomplete, qualita- 
tive spectrographic analysis indicates that such residues 
consis1 mainly of technetium, ruthenium, palladium. 
silicon, and rliodium, plus srriall amounts of zirconium, 
molybdenum, nickel, and iron. The reteniiori of pluto- 
nium by synthetic waste solids is discussed i n  Sect. 8.4. 
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Fig. 4.1. Conceptual material-balance tlowshcct for the ion exchange separation of americium-curium and the rare earths from 
higli-level waste. 

Fig. 4.2. Conceptual material-balance flowsheet for the ion exchange chromatographic separatiorl of ameiicium-curium from the 
rare-earth elements. 
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Corieeptu:il Scopiiig Studies of Actinide 
Transmutation and Recycle 

‘Transmutation in coinrnercial power reactors is one of 
e management alternatives for reduc- 

ing the long-term hazard of thl: actinides removed from 
file1 reproczssing wastes. During the past year, scoping 
studies liave been performed tu deterniiiie some of the 
potential irnpac~s on the cornrnercial fuel cycle industry 
i h t  might resiilt from the transmutation o f  these waste 
actinides, and to establish ihe trends in transmutation 
mtes that result from variations of both the type of 
reaclor producing the waste actinides and the type of 
rcactor iransmuting the waste actinides. All of  the 
coinp;+ risons in oiir studies are made at conditions 
approxixiating sieatly-state recycle of the waste 
3c:initles. The arnourits of the various actinides, uti a 
spent-fuel basis, that were recycled f o r  transmutation 
werc as follows: 
1.J-Pu fuel: 0.4% U; 0.4?% Pu; 95% Np;  ~ t d  >I?.?% Am, 

IJ-‘l‘h fuel: 0.49% U; 0.4% Th;  0.495) Pu; 95% Np and 

Some of the must itnportant results obtained from 
tbese :;hidies are as follows: 

1. The average annud trarismutatiori rates of the waste 
actinides in the four iypes of twnsmutaliori reactors 
are:  PWK-Pu, 3.2%; LMFBR, 4.3%; PWK-U, 49%); 
HTGR, 7.8%. 

Cm, Rk, Cf,  and Es. 

Pa; and 99.9% Am, Cm, Bk, Cf, and Es. 

2. The recycled waste actinides being transmuted 
occupy, on ihe average, approximately 0.7% of  a 
PWR-U or PWR-Pu core, 1.451 of an LMFBR core, 
and 2 6% of an HTCM cure. 

3 .  The infinire rieutrort rnnlt iplicaiion factor ( kJ  of 
the waste actinides range:; from 0.7 to 0.9 for 
thermal transmiit,aiiuri reactors and froin 0.9 to 1.4 
for an LMt’BK transmutation reactor. Since thl: 
recycle waste actiriides represeni only a small fri.ac- 
tion of  the reactor core, the overall re;ic[ivity of any 
0 6  the reactor types is changed only slight1.y. 

4. ‘The neutron activity of fresh therrnal trarisinutatiori 
:eac tor fuel, containing actinides to be transmuted, 
i s  very high due tn the presence o r  ‘’‘Cf; lypical 
values range Coin IO’  to I O ’  neutrons sei:-1 
(metric ton)-’ . Tne neutron activity of Fresh 
EMFBR transniut;iticjn reactor fuel is ixuch lower, 
ii~mut LO 10’ neu~rons  sec-* (metric ton)-’ 

Results of the initial studies indicate that one o f  the 
most potentially serious impacts on the conmerci;il fuel 
cy& i s  the additioiial shielding required for fabrication 

and shipment of the higltly neutron-active transmuta- 
tion reactor fuels. Our resuitv show that remote 
fabrication of the fuel would be requiied 

4.3 LEACHING OF 
FROM WASTE SOLIDS 

Grouls similar to  those used in  the Hydrofracture 
Fscility at ORNL were made by blending simulated 
ititermedjate-level waste solution containing ’SI., 
‘ 3 7 ~ s ,  2 3 9 ~ u ,  ot 244cI~l wit11 ;I dry mixture of 
cexnentitious materials and selected clays, and the 
products were tested for retention o f  these isotopes in 
the lnternatiorial Atomic Energy Agi:c:ncy (MEA) type 
of leach tests.5” The “fraction of isotope leaciiecl” 
varied with the square root of time if leachant 
replacement wiis more frequent than once per day, but 
was inhibited, or depressed, if changed less often. 
Curing a grout specimen LIP to 28 days in humid air 
before leaching decreased the amount. leached from the 
specimen. When Crundite clay (for cesiuni retention) 
was preseni ~ the isotope leach rates l‘olLowcd the order: 
Cs > Sr ’> Clri :> Pu, with overdl  results indicating that 
grouts can give leach rates cornpxable lo those cob- 
ained for wastes incorporated into borosilicate glasses 

‘To obLain data more rapidly, the proposed TAEA 
leach test was s~uccessfully rnndified by using specimens 
with a saialler volume, a much iarger surface-tu-volume 
rat io ,  and a larger volume of leach i ~ a l e r  per volume of 
s p e c h e n ,  and by replacing leach water niorc fre- 
c~ueently ‘The leach rate for cesium wiis dccreased by the 
addition of Grundil e, pottery clay, nr Cutiasauga shale. 
f i e s e  additives, as listed, are in the order of increasing 
effectiveness with respect to cesium retention. The 
leach rates of cesium froni grouts made with pottery 
clay and containiiig one, two, and four times the 
aortnal weight percent waste salts ( 6  wt %) showed ihat 
these higher salt concentrations had no significant 
effect on the leach rate of cesium. 

Theoretical relationships that consider diffusion arid 
insi:intaneous reaction (an equilibrium or time. 
independent relationship betweern rntdile anid immobile 
G~rrns of a species) gave good agreement with the data 

(Figs. 4.3 and 4.4). 

5. .I .  0. Moore, U. V i .  Godbee, A. H. Kibbey, and D. S .  Joy, 
Drvebpmriil 0.J Ctrmeniitioiis Grouts f . u  thr IPzcorporation Qf 

Rudiocictive Wmtrs. & ~ t  i: I,each Strrdies, CdRNL-4962 (April 
1975). 

6 .  [ntermlional A l ~ r i i k  h e r g y  Agency, “Leacli Testing of 
Immobilized Radioactive Waste Solids, a Proposal for a Stand- 
ard Mettiod,” ed. by E. D. Ilespe, A t  Emr.yy 1lr.v. 9(1), 
195 ~ ~ 2 0 7  (1971). 
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Fig. 4.3. Comparison of leach rates for alkali and alkaline-earth elements from various waste products. 
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 IO-^ 10-l I O  
L E A C H  R A I  E .  J /(cm* day)  

btg. 4.4. Comparison of leach rates for rare-earth and actinide elements from various waste products. 
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for tlie 28-day-cured grouts when the leachant was 
initially replaced twice per day (Fig. 4.5). In contrast, 
the amounts leached from many borosilicate glasses 
appear to  be explained by diffusion :ind 1 ime-dependent 
dissolution processes. The predicted amounts of cesium 
leached from a grout containing Coriasauga shale are 
compared with those for a borosilicate glass in Fig. 4.6. 
The theoretical relationships used in these calculations 
are given in ref. 7. ‘The comparison of fractions leached 
(Fig. 4.6) shows that, during short time periods, a 
slightly smaller fraction of cesium is leached from the 

7. H. W. (hdbee, J.  G. Moore, A. H .  Kibbey, and I). S. Joy, 
“Leach Behavior of Cementitbus Ckoiits Incorpoxating Kadio- 
active Waste?,” presented a t  the 77th Anniial Meeting of the 
American Ceramic Society, \V:isliingtc~n. D.C., May 3-8,  1975. 

0”  24 ~ ~ ................. 

glass product than from the grout; however, during 
longer time periods, a smaller fraction of cesium is 
leached from the grout product than from the glass. 
Using the modified effective diffusivities (De)  derived 
from the data, comparisons were made o f  the amounb 
leached from a SS-gal drum of grout, assuming two 
different forms for the drum ~ a semi-infinite medium 
arid a finile cylinder. These calculations show that the 
drum approximates a semi-infinite medium for a few 
years if the De 1s approximately 1 X LO-9 i;m2/sec and 
Cor more than 3900 years if the U ,  is approximately 6 
X cm2/sec. They d s o  show that tlie projected 
amounts leached from a waste product that i s  assumed 
to  approximate a semi-infinite medium are conservative 
(on the side of safety), since they are equal to or greater 
than the amounts predicted by a mathematical solution 
based on the actual geometry of the finite product. 

O R N L  O W G  7 5 - 4 9 4 1  

93c 
A E X P E R I M E N T A L  V A L U E S  
- T ; I E O R E T I C A L  (De= 1.2 x I O - ’  c r n 2 / s e c )  

Fig. 4.5. Compmisoon of the cumulative fraction of cesium leached to that predicted by diffusion equation for 28-day-cured 
grout specimen 93C. 
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Pig. 4.5. Comparison of tlie amounts of I3’Cs ( t l p  = 30 years) leached fxom a borosilicate glass and a c~mentitious g o u t  as 
predicted by equations based on mass transport phenomena. 

4.4 METHODS FOR MANAGEMENT OF 
ORNL LIQUID WASTES 

‘The shale fracturing process is a pioven, economical 
method for the perinanent disposal of intermediate- 
level waste (ILW) solution at  OKNL; over tlie past eight 
years, about 1,000,000 gal of waste solution containing 
500.000 Ci of radionuclides has been mixed with 
cement and injected into the impcrmeable shale bcds 
that underlie the ORNL area. Recent national emphasis 
in waste disposal technology, however. has been to 
store wastes in  retrievable forms. thereby maintaining 
the maximum flexibility in the choice of future disposal 
options. ‘The waste disposed of by the shale fracturing 
process is essentially nonretrievable as a matter of 
deliberate choice; for this rcason. this proccss is in 
conflict with the current philosophy and, despite its 

obvious advantages, may be discontinued in the future. 
Should this occur. an alternative method for handling 
the waste solution generated at ORNE will be required 

a method that can utilize largely existing technology 
to  convert the waste solution into a solid, noncombusti- 
blc material with low leachability, suitably packaged for 
storage until some method of disposal is selected. 

A study is being made to determine the nimt 
promising process(es) for the conversion of various 
ORNJ, waste streams t o  suitable fonns for temporary 
on-site storage and for ultimate shipment off-site for 
disposal by whatever means is chosen. The desirable 
characterislics of the waste forms include low leachabil- 
ity, structural strength, minirnum volume, and noncom- 
bustibility. Since these wastes have low heat generation 
rates, heat dissipation i s  not a problem and good 
thermal conductivity is not required. The desirable 
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Table 4.1. Qualitative evaluation of various waste processes 

’Was :e for i:i charict cris tics Process characteristics 
Process 

Radia tion Operational Requiied Compa:ihility wlrh 
damage complexity development nitrate dlkdllne Leach rate Structural strength Volume I’lammdbility 

wasles 

Shale ccmcnt 
Glass 
Aqueous silicate 
Cesium stripping 
Scavenging 
Calcining 
Asphalt 
Poiyeihyiene 
‘fit,. . ad:e 
L:iea-formaldehyde 
VR-29” 

Very low 
Very low 
Moderate 
a 
a 

Low 
Low 

High 

c 
II1gh 
e 

Low to moderate 
Modcrnte 
t o w  io moderate 
a 
a 
None 
Moderate 
Vodcratc 

Low 
1- 

e 

High 
M o G e T Z t C  
High 
Low5 
Low5 
Moderate 
Modela te 
‘Modera tc 
c 
Modzrdte 
Moderate 

None 
None 
None 
a 
a 
None 
YCS 

Yes 
c 
C 

e 

Very low 

Vei-y low 
a 

a 
Very low 
Appreciable 
veiy low 

VCiy low 

c 

c 

c 

Low 
Very high 
Modexate 
High 

Low 
Low 
Low 

Low 
Low 

%gh 

1 

Low 
Very high 
Modera t c  

lligh 
l-ligh 
Low 
LGW 
Moderat? 

Mockrate 
Moderate 

1’ 

Yes 
Yes 
Yes 
Yes 
Ye\ 
N 0 

Doubll-u! 
Yes 

N 0 

D o u b t r u l  

<’ 

‘Not applicable. 
bNiot irizluding separated nitrate waste. 
Wnknown; insuf;^ciznt i n fo rm tion. 
‘Conmeicidy availabie process from the Aerojet Energy Coiiveision Company. 



17 

concern to  this study - -  the ILW, the PWT waste, the 
currently generated ILW sludge, and the [LW sludge in 
inventory. These values are listed in Table 4.2. The 
sludges will have to  be diluted by a hc tor  of 4 or 5 
before they can be resuspended and transported 
t.tirough the waste handling system; however, the 
volumes of sludges giveri in Table 4.2 are for undiluted 
material. A ten-year processing period is assumed for 
the 400,000 gal of sludge presently in inventory. 

Of the 1 1  processes given in Table 4.1 for ILW 
fixation, only four  - shale cement fixation, glass 
formation, aqueous silicate (cancrinite), and cesium 
stripping - have suitable firtal waste forms and have 
been studied in sufkicient clet.ail for most o f  the 
signiGcant process parameters to he known. The calcin- 
jug, asphalt, and polyethylene fixation processes 
produce inferior waste forms. The urea-formaldehyde 
and the VK-20 processes yield waste forms that have 
not yet been sufficiently evaluated; in addition, the 
compatibility of these processes with nitrate waste 
solutions has not been demonstrated. The scavenging 
and titanate fixation processes need further develop- 
ment work before serious study is attempled. 

A brief investigation was made of the suitability o f  
the four processes for handling OKNL waste solution 
and sludge. Several tentative conclusions were reached : 

1. The fixation of ORNL waste in shale cement grout i s  
probably the best of the alletriativcs to  the sliale 

fracturing process. The cement fixalion process is a 
simple low-temperature operation that produces a 
waste form of high durability and excellent leach 
resistance. I t  is probably also the least expensive of 
the alternatives conside red. 

formation process is complex and involves 
the use o f  high temperatures; therefore, its suitabil- 
ity could be established only by carrying out a major 
development prograin. The off-gas problems and 
disposal of  by-product waste s t ream would require 
particular attention. 

3. The cesium stxip process is a coinplicated process 
that offers the possible advantage of a major 
reduction in waste volume. 

4. The aqueous silicate piocess provides no obvious 
advantage over cement fixation and results in a 

product that is apparently rriuch more leachable. 
5. The cement fixation process appears to be clearly 

superior ior the processing of sludges. 'The volume of 
waste that would be produced i s  somewhat smaller 
than that required for $ass forrnation; in addition, 
the complexities inherent in high-temperature opera- 
tion are avoided. 

An engineering study of ceriient fixation, glass forma- 
tion, and cesium stripping processes has been started. 
The results of this study will be used io  prepare 
comparative cojt estimates that will be used in the 
selection of one process for more-detailed future 
consideration. 

Table 4.2. Coniposition arid volume of significant waste streams 
-I___ 

Wastc stre:im 

C:urren t Iriven tory 
sludge sludgc 

Volume, gal/ year 80,000 16,000 10,000 40,000 
Salt concentration, kl 1.2 3.5 
Suspendcd solids, 

PTQ ILW 
concentrate 

wt "/u 0.5 40 50 

Ci/pal 
Radionuclide content, 

"SI 0. I G x 10 - -~  1.6 2 .0 

1 3 7 c s  1.0 2 x  l o 4  0.16 0.2 
2 4 4  Crn 1 x 1 0  -3 None 2.4 X 3 x  10" 
6 O C O  2 x  8 X  10" 0.08 0.1 

1°6RtL 0.035 1.5 x 0.04 0.05 
2 3 3 u  2 x  l o 4  

2 3 9 P u  2 x 1 0 " ~  None 6.4 X lo* 8 X  
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4.5 ~~~~~~'~~~~~ OF ~ ~ ~ ~ ~ A ~ ~ ~ V ~  WASTES 
FROM THE ~~~~~~~~ FUEL CYCLE 

l ! ~  otdcr to c!btain waste rnanagemerri data i ha l  are 
n?.are realistic in  light of current knowledgc, new 
projections were made o f  llie volumes a11d ri~lclear 
clnar:ncteristics of wastes to be shipped and stored 
through the year 2008. 'The n;3w projectiorls were bascd 
(in :I reccrit projecl ion o f  nui:lear power growth in the 
United States.8 'The conservative estimate (case A) was 
rnutiified to delay commercial L.MFBRs until 10'33. 'fhe 
resulj.ing confributiori of  each reactor typc to total 
installed. nuclear electric capacity is sliown in Fig. 4.8. 

'1'0 estimste the fuul tire magnitude of waste manage- 
went clperatioris, calclhtiori!; were made using 
ORIGEN~ subroutines for the ten types of w 
described previmsly." Howcver, rhe assumptions weie 
modified ti) allow compactiori for heta-gamma solid 
wastes to parallel the cornpactiori of ; i lpha solid Wastes. 
A siimmary of lfiese projections for the year 2000 is 
giver] in Table 4.3. A comparison o f  'Table 4.3 with the 
p v i o u s  projections shows a general decljne cif pro- 
jected wa:;te volumes. However, the delay of breeders 

8. Muclerrv Power c;Uowhh 1974-2000, WASH-I 133('?4) 

9. M. J .  Bell, ORIGEN - -  The ORNL Isotope Ccneration and 

10. Chem. Ttcchnol. Div. Atinu. Prop. Rep. Afar. 31, 1974, 

(Fcb1Uary 1474). 

Deplrfion Code, OKNL-1.628 (May 1973). 

ORNL4966,  pp. 11, 12. 

elri.iscd an increase in the piojected volume of ore 
tailings in the year 2000 
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The Transuranium Processing Plant ( T K U )  and the 
High Flux Isotope Keactor (HFIR) were built at ORNL 
to provide quantities of the transuranium elements for 
research. At TKU, target rods irradiated in the HFIK 
are processed for the separation, recoveiy, and puri- 
fication of the heavy actinide elements, which, in turn ,  
are distributed to  laboratories throughout the country 
for research work with these elements. TRU is the 
production, storage, and distribution center for the 
heavy-element research progr a n i  in the United States. It 
functions integrally with the researchers and not merely 
as a supplier. Products are usually highly purified prior 
to  shipment and are frequently provided in special 
chemical forms and/or iii special devices required by the 
expel-imenter. In addition to the normal production 
functions. various programs arc pursued in cooperative 
ventures with other research laboratories to assist them 
in their work. Special isotopes are provided upon 
request, and hot-cell space is made available for certain 
experiniental programs with large quantities of material 
when such an approach is feasible. All targct materials 
to be irradiated in the I-IFIi< are prepared in TRU. Such 
materials include recycled americiuin and curium in 
HFlR targets, and heavy isotopes in many special 
forms, including “rabbits” for short-term irradiation. 

The phases of the program under the direction of the 
Chemical Technology Division, including the operation 
of TKU, isolation and purification of products, and 
development of chemical processes, are reported here. 
Target fabrication work directed by the Metals and 
Ceramics Division is described in detail. in reports issued 
by that division. 

The purposes of this section are to report the 
production of transuranium rilaterials and t o  describe 
recent changes in the processes and equipment being 
used in TIIU. More detailed information is presented in 
a series of semiannual reports on production, status, 
and plans.’ ,* 

Status and Progress 

During the first four years that TRU was in operation, 
processed materials were obtained from irradiations 
made for the TRU program at the Savannah Kiver Plant 
(SKP) and at the HFIR, and all recovercd traiisuraniuin 
elements (plutonium through fermium) were dis- 
tributed to  researchers. During the next three years, 
operations a t  TRU were expanded to include the 
processing of inaterials irradiated at SRP as part of the 
Californium-[ (Cf-I) campaign. i X s  was an irradiation 
and processing campaign designed to  obtain ’”Cf for 
use in a market evaluation program sponsored by the 
AEC Division of Production and Materials Management. 
l’here has been 1io further request to  process Cf-I 
materials during the past two years. Operations have 
been at  about one-half of TRU’s capacity for fabricat- 
ing and processing IIFILR targets. Howcver, the amounts 
of transuranium elements produced in HFIK targets 
have been maintained at meaningful levels by irradiating 
isotopically heavier curiurn, most of which had been 
recovered from the Cf-I campaigns at TKU. 

‘l’he primary role of TRU as supplier of research 
materials has continued; about 60 shipments were made 
this ycar to researchers throughout the country. 

5.1 TRU OPERATIONS .- 

1. L. J .  King, J .  E. Bigelow, and E. 13. Collins, Transuraniuin 
Procersirig Plaiif Semiarinual Report of Production, Status, and 
Plans for  PetYod Ending June 30, IY74, ORNL-499 1 (February 

The functions of ‘PKU are to recover large quantities 
of the transilranium eleinents and distribute them to  
researchers. Since it began operation in 1966, TRU has 
been the Only Source Of significant quantities Of 

berkelium californium, einsteinium, and fermiurn in 
the United States. press). 

1975)* 
2. L. J. King, J .  E. Bigelow, and d. L). Collins, TramuTanium 

Processing Plant Semianiiual Report of Production, Status, and 
planr for period btlding 1>Pcen&ey 31, 1974, ORNL-5034 (in 
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Production and Processing 

During t h s  report period, two target processing 
campaigns were conducted, and a total of 23 HFZK 
targets were processed. Twelve oi' these targets had been 
prepared from Cf-I curium. Key isotopes in the cam- 
paign products are listed in Table 5.1. 

Product finishing operations include (1) final purifica- 
tion and packaging of the transcurium elernetits; (2) 
separation, purification, arid packaging of daughter 
products ( " 8 ~ n ~ ,  z49~:f, ant: 2 5  3Esj; and ( 3 )  final 
purification of the americium-curium product followed 
by conversion of the actinide elements to the oxide 
form for use in HFIR targets. This year we purified 
some of the products from target campaigns 47 and 48, 
from previous campaigns, and from various rework 
materials. The aniounts of materials undergoing product 
finishing operations included 2 g of 2 4  3Am, 82 g o f  
curium, 24 nig oi' ' 4 y  Bk, 408 rng of  Cf, 1250 pg of 

"Es (mixed isotopes), 1.3 fig oE ' Es, and about 0.5 
pg of Fm. Daughter products recovered and purified 
included 139 p g  o f  isotopically pure Es and 90 xiig 
of '"'Cm (34 rng contained 0.0007% 2 4 4 C m ,  and 56 
rug was a lower quality niateri;il coiitaining 4% 244Ctnj.  

Processes and Equipment 

Flowshects u h e d  at TKU remain unchanged. Huwever, 
we have continued to incorporate new techniques to 
minimize the prucessing time and to  tnaximiLe pioduct 
yields. 

The condition of plant eqiiiprrient at TKU is gener~lly 
good and is con tinually maintained. Whcn replacements 
are necessaiy, inod~ficatioris are usudlly included to 
provide unproved capability m d  performance. Iliis yea1 
we rep1am.i two tubing bundles t h t  Lvnnect procrssulg 
equipment in cubicle 4 to tanks in the cell plts. Also, 
five of the cubicle equipment lacks were replaced Two 
more racks have been built and are being iested; 
another IS being designed. 

Fabrication of Targets 
I ,  1 wenly-six targets were fabricated in order to recycle 

curium to the IIIFJR. Of these targets, 1 5  contained 
curium from regular TKU stock, 5 contuned Cf-I 
curium, and 6 conlairled c i ~ [  i i i n i  recovered from previ- 
ous itradation of Cf- I  curiuin in the HFIR. 

The facilities available at 'TRU are used for a variety 
of purposes in addition to  those associated with the 
main-line production arid distribution of transuranium 
elements. Special projects include nonroutine produc- 
tions, special preparations, special irradiations iri the 
HFIR, and fabrication of neutron sources from 2 5  'Cf. 

Fabrication of Neutron Sources from 2C'f 

Somc of the californium recoveied at TKU is incor- 
porated into neutron rources, which d r e  subscquerrtly 
loaned to ieseaichers. Five sourczs cotiiiii~~itig finm 0.9 
p g  to 13 m p  of 5 2  Ct were fdbricdtrd this ycar, thxee or 
there werz dc;ubly ericapstildled in type 304L stdiiilcss 

Table 5.1 ~ Amounts of materials recovered in major campaigns 
in the 'Transuranium Processing Plant during 

the period April I ,  1974, through &Parch 31, 1975 

C J r n p  aig n 
48 

'Tot31 

Coinpletion datc 10174 

hlatzrial prow ssed 1 1 'TK IJ C111- 

plus rewo1lr 
111-'1 K targets 

Amount recovered 
Am, ga 1.5 

T O ~ J  Cm, ga 87 
45 244.-  a Cm, 

2 4 9 ~ k ,  rrig 24 
2 5 2 ~ ~ ,  rrig 25 2 
2 5  3~3,  rng 1.25 
2s717m, pg 0.5 

2 4 3  0.7 2.2 
71 1 5 s  
32 77 
26 50 

225 471 
1.2 2.45 
0.5 1 .o 

aAmericiurn And curiuiii are not usually separated from each other. 
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steel in a standard configuration ( NS1)).3 Two sources 
othci- than NSD's were preparcd. One of these was 
another of the special sources prepared for the Natioiial 
Biircau of S t a t i d a r d ~ . ~  The californiuii-1 content of this 
source was 1.65 nig of ' Cf. 

The other special source was a ricurron source 
prepared for Aerojet Nuclear Company in the standard 
N E S  configuration (i.e., a singly encapsulated Zircaloy- 
2 source capsule). The experimenter needed a cortfigu- 
ration in which a low-neutron cross scction was an 
important consideiation. Ail interesting feature of this 
source (NZS-90) is the novel method of loading the 
2 s z C f .  Instead of using ion exchange resin, the pcllet 
liner was loaded with a layer of loose alurninuni powder 
to provide a large surface area. A small volulne (100 p ! )  
ol' the californium solution was pipetted directly into 
the pellet liner, where it sorbed on the aluminuiii 
powder. The powder was dried iinder a heat lamp. and 
the liner was then filled with fresh aluminum powdcr. 
The pellet pressing and fabrication proceeded in the 
usual manner. 

Sorirces Returned 

An increasing number of neutron soiurces are being 
returned as the projects for which they were requested 
are completed or as replacement sources are ordered to 
makc up for decay of the "Cf. The returned sources 
are available for reassignment iintil the appropriate time 
for reprocessing to recover the Cin daughter. Eleven 

sources that contaiir Lorn 48 to 1543 pg of 2 s 2 C f  are 
now in this category. Uuring the report period, iwa 
sources weie returned and four were reassigned. 

Special Kahbit Irradiations 

Production of * "Cf by irradiation of ' 4 9  Bk in the 
IWIK hydraulic rahbit has become a standard p- I oce- 
dure. During the reporting period, ceven rabbits, each 
containing 1 .? to I .5 nig of 4 9  Bk in three pellets, were 
fabricated, irradiated, and processed using the magne- 
sium diluent technique.' This technique facilitates the 
physical handling of milligram quantities of material, 
producing good yields of 4 y  Bk02 in a forrn that can 
be readily fabricated into rabbit capsules and which 
later can be readily dissolved and processed. A speedy 
schedule is necessary to minimize the contamination of 
the '"Cf product with 2 4 y C f ,  which is contiriually 
growing into the 249Bk  regardless of whether the 
sample is in the reactor or not. 

Six of the seven rabbits were irradiated for 16 hr at a 
thernial flux of 3 X 10" neirtrons cnC2 sec- ' .  
Separation of 2 5 0 C Y  from 2 4 9 B k  was made in a 
high-pressure ion exchange run within 30 hr after 
reactor discharge. These are the conditions that maxi- 
mize the concentration of mass 250 in the product. 
Approximately 1.2 nig of 2 4 9 B k  and 220 pg of *"Cf 
were recovered froni each rabbit and purified. Yields 
and compositions of the material recovered from the six 
rabhits are shown under sainple A (one rabbit) and 
sample C (five rabbits) in Table 5.2. 

Table 5.2. Yields and propertne, of " OCf wnples  
_. - 

A t o m  ,, 
4.22 

88.86 
6.22 
0.689 

<0.003 

204 pr 

59.8 

<n 003 

M J ~  15. 1974 

Ator l r  (i 
17.21 
81.85 

0.850 
0.059 

< 0. 005 
<0.005 

79 p g  

l2 .1 ' ,  

S'lmpli. c 
~~ 

M 4 1 i h  26. 197.5 

A t o m  
3 62 

89.22 
6.48 
0.678 

co.002 
< o  002 

1.11  "Lg 

59 3 I 

. . .. . . . .. .. 
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'The other rabbit (sainylc E) was irradiated at h e  
same neutron flux but for odj i  4.5 lir. This irradiated 
target was processed by the same tecliriique. Approxi- 
mately 1.0 mg of 2 4 g  Bk arid 80 pg of '"Cf were 
recovered and purifizd. The isotopic coniposition of 
this californium is also showri it1 Table 5.2. The shorter 
irradiation time resulted in a significant reduction in the 
contribution to the spontaneous fission activity from 
t i le  heavier (:alifor~~.iutn isotope '" Cf. 

Special HFLR 'Pargets 

A series of calculations has been made for the purpose 
of detzrriiiriing the optimum procedure for irradiating 
'' C f  to produce tk. The calculations showed that 
the best yield of 3Es would be obtained from the 
central portion of a californium-loaded target that is 
given two cycles of' irradiation in the Control-Rod 
Access Plug Facility in the IIFLK. The calculated yields 
of 2 5  3Es were confirmed by the irradiation and 
processing of a special target, S1'-9 g r a y ) ,  which was 
fabricated with three pellcts, each containing about 2 

'The nexi step in the evaluation iwolves a d e - u p  to 
the order of 1 mg of 'Cf. At this level, we need to 
develop and demonstrate the technology of fabricating 
mixed 2 5  2Cf'-AI pellets, arid also to check the irradia- 
tion to determine the possible effects of resonance 
self-shielding at higher nuclide concentrations. The 
ultimate objective would be to load as much as 20 nig 
of 2 5  'Ct- per pellet (the appruxirnate limit for  h c a ~  
Iernoval) and irradiate ten pellets a t  a time near the 
reactor midplane; this could produce over 1 mg o i  

In an earlier set of experiments, Iwcj  Pliocriix capstiles 
had been irradiated in three different barget rods (Sr-4, 
-5, and -6) over a total irradiation period of about olic 
year with the objective of producing '"Cni. The 
capsules were small Zircaloy-2 cans, 0.25 in. in diameter 
by 1 in. long with threaded errd plugs, containing quartz 
alTlpUlS loaded witti a total of 1.50 ,ug of 2'kxC~n.  Duriiig 
this report. period, the capsules were processed for 
recovery o f  the actinide elements. A californium prod- 

pgof"52Cf. 

Es per target rod. 

uct containing 0.4 pg of * s ' Cf, and a curium piuduct 
containing 2.6 pgof  "'Ctn, 6.7pg of 2 4 8 C ~ t n ,  and 125 
pg of 

A series of computer ca1cul:rtions was made, using the 
exact irradiation history of the capsules and the 
ineasured prwduct compositioii, to  deter mine the best 
value foi the ""Cni capture cross sectioin. Most of the 

B1< with a 64-niin half-life. Ooly a 
small fraction (about 5 X lo-') captures a neutron aiid 
becomes long-lived ' ' Cm. 

The destruction of the '"Ctn by absorption of ;1 
neutron was accounted for by assuming values of uC f-ou 
2 5  "Cni varying f'rom 2 to 2140 b. The corresponding 
values for uc(2 "Cni) required to conffirm tc the 
results of t tie experiment were calculated to range fi-on] 
1.2.5 to 24 b. These are remarkably low values by 
comparison with the next lighter odd isotope of 
curium. For exarripie, if o ~ , ( ~ '  'Grn) is 
b [comparable to oc(24s Cm)] , then the computed 
value for ac(' 'Cm) i s  1.6 b, which is only 2% of the 
capture cross section (if 7 C ~ ~ 1 .  Atiditjonal irradiations 
(of varying length) will be required to determine thc 
cross sections of "'Crn and z s o C ~ n .  

" Crn were 01) tairied . 

Cni decays to 2 4 9 

ecovery of ' * ' SO 

Several years ago, a researcher requested that we 
investigate the possibility of recovering sonie of the 
l'issioii product isotope ' 2 G  Sn for 3se in accelerator 
erperinimts. As time permits, wc arc developing a 
re cove i'y and purification pro ct:d 11 re ~ Ali aly t icrd meas- 
urerricnk made at  TRU iridicated that ~ni.ich of the 
fission product tin from k3iijlR r;ic~,ets was dissolved in 
the a lu rn in i in i  dejacket solin tion (3 &f Na8f-I, 1 .S M 
NaNQ3 )~ During this report period, we pmcessed soim 
of the dejacket solution by n ie ;ms  of a gmccdurc which 
included :icirlification f<jllo\ved by extraction of  flic tin 
with di(2-e~hyl~exyljp~~osphoric acid. The product 
analyses indicated that we might expect a yield !,f 100 
to 200 ]rig of t in, containing about 5% ' 26Sn ,  from a 
typical HI'LR target campaign (10 to 12 targets). 
Additional amounts may 1)s: obtainable from oilier 
process SolIltlOlls. 



6. HTGR Technology and Safety Programs 

The work relative to  HTGK technology and safety investigations have been reported in monthly GCR 
studies is not reported here this year, in compliance documents and will be summarized in the Gas-Cooled 
with regulations which stipulate that such information Reactor Prograrns Progress Report for the Period 
must be distributed solely under the category UC-77 - Janulrry 1974-Jurze I Y  75 (to be published). 
Gas-Cooled Reactor Technology. The results of our 
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7. Preparation of 2 3 3 C J 0 ~  

The OKNL contract with Bettis Atomic Power 
Laboratory (BAPL) to  prepare lJOz involves (1) 
purifying several hundred kilogranis of l J  (currently 
stored in the facility) at  the rate of approximately 20 
kg of 3 3  U per week, (2) converting the purified uranyl 
nitrate to  ceramic-grade UO, powder at the rate of 
abotit 20  kg of  2 3 3 U  per week, ( 3 )  packaging and 
shipping the U02 to  BAPL for blending with thoria and 
pressing into pellets, and (4) recoveiing * ’ IJ from the 

U 0 2 -  
Th02 scrap generated at BAPT,. The routine production 
of 1J02 powder at a plant capacity of 100% was 
continued throughout the ycar. 

’U02 scrap generated at ORNL and the 

7.1 RECOVERY OF 3U FROM WASTE 
UOZ AND SCRAP UO,-ThO? PELLETS 

During this report period, the oxide dissolver was 
operated to recover 78.1 kg of 3U from recycle UOz 
and arnmoriiuni diuranate in 24 dissolutions. ‘This 
recycle material consisted of: (1) material rejected 
because of overheating in the microwave oven (i.e., 
ammoniurn diuranate) and inconiplete reduction in the 
calcining furnace (i.e., 1 J 0 2  1; (2) recycle lJOz accumu- 
lated frorn cleanup ol‘ the glove boxes after each week’s 
operation; and (3) one entire lot of product powder 
that BAPL could riot receive because o f  problems in 
their facility. In addition, some unused ’ 3 3 U 0 2  (5.2 
kg) returned by BAPL and sinall accumulations of 
analytical samples a t  ORNL were dissolved. 

All of the pure IJOz was dissolved in slightly more 
than the stoichiometric arnouiit of HN03 at 80°C so 
that the nitrate solution, after being analyzed for 
impurities, could be sent directly to storage or proc- 
essed through the ion exclmnge system for purificationi. 
The product from the dissolution o f  aininonium diura- 
riate a n d  U0,  that had beer1 spilled or used in analytical 
tests was purified in the solvent extraction system 
before being returned to storage. Four of  the dissolu- 
tions were essentially “cleanout” operations :iiade in an 
effort to account fur all uranium charged previously. 
Eight dissolutions of Savannah River oxide (39.1 kg of 

U) were made to  produce feed for conversion to 
low-phosphorous-conten t UOz . 

We received 34 shipments (10.1 metric tons) of 
binary (UOz-ThOz) scrap generated at BAPI,. This 
scrap, which contained 233 kg of urmiurn and 8.7 
metric tons of thorium, included 30 kg of baked grinder 
sludge. One hundred ninety-seven dissolutions were 
made in the scrap dissolver to  recover 229 kg of ’ U 
and 5.4 metric tons of thorium from this material. The 
amount of scrap charged to  the dissolver in each case 
varied from 50 to  250 kg of niived ox.ide. and a 
dissolvent of the composition 12 &if I-INO:, -0.04 M 
F---O.J. M Al(N03)3 was used. The dissolvent was held 
at 105°C until the thorium concentratioti reached 1 .O 
to 1.2 ~tl. ‘The resulting solutions were accumulated for 
use as feed to the solverit extraction system. About 14 
kg of  baked grinder sludge was also dissolved along with 
normal scrap to  determine dissolution rates. A mo- 
torized self-cleaning filler in the dissolver drain line 
proved to  be effective for removing irtsolubles (pri- 
indrily AI2 0,) froni the solution. 

7.2 U PURWICATION SYSTEMS 

‘Twenty mns were conducted in the solvent extraction 
system to recover and to  purify 336 kg  of uranium 
present in various types of scrap, recycle material from 
the ion exchange system, and recycle material from 
previous solvent extraction uuns. Uranium losses to  the 
raffinate ranged froirl 0.3 to 176, averaging 0.66%. The 
thorium content o f  the uranium product ranged from 

Approximately 706 kg o f  uranium was purified in 3 1 
runs made in the ion exchange equipment, Nonrecover- 
able losses totaled 0.02%. The effectiveriess of the resin 
(200- to 400-nieSh AG-SOW-Xl2) colurrin was observed 
to  decrease markedly ;il‘ter a total throughput of 370 kg 
of uranium, which corresponded lo ~ppJmXiIll~ttdy 20 
loadings and 20 elutions. ‘This loss in effectiveness was 
attributed to the z4Ka,  a thorium decay product, that 
had “ggrown into” the uranium solution during the five 
years it had aged in the storage tanks. We theii diluted 

so0 to 5000 ppm. 
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the remainmg 3 U  (120 kg) with water to a concentra- 
tion of 150 g/liter and pumped the resulting $elution 
through the ion exchange system in a single run. The 
resin sorbed nearly all the 2 2 H  I h  but little of the 

Ka wdl yield a 
solution exhibiting the radioactive eni iss i~n spectruin of 
recently pimfied U. 

7.3 CONVEKSlON OF 2 3 3 u  

FROM NITRATE SOLIJ CION TO 
CERAMIC GKADE DIOXIDE POWDER 

2 4  Ka Howevei, rapid decay of the 

During the year, a total of 627 kg of U 0 2  (31 lots) 
was prepared and 556 kg (30 lots) was transferred to  

BAPL in 27 shipments; nonrecoverable losses totaled 
0.16%. One lot (20.8 kg of U 0 2 )  was recycled, a t  
BAPL’s requcst, after storage for an extended period. 
Except for one lot in which we exceeded the al4wable 
level for aluminum, all the material met specifications. 
The material is processed through the conversion 
system iii 1.0- to 1.1-kg (uranium) batches. We rcjected 
three batches due to  an accidental loss of hydrogen to 
the furnace and two batches due to ignition in the 
microwave oven. The latter was attributed to  failure of 
the rotating mechanism for the Teflon liner. 

We have met every production commitment requested 
by BAPL. 



8. Scpa rations Chemistry Research and Development 

While the develupment of new separalions methods 
continues to be oriented largely toward the needs of 
niiclesr powzr, increasing attention has been given to 
scparations problcrns in other energy fields. The activi- 
tics reported here, however, are chiefly coiiceriied with 
ratliocliexnical processing because of the preliminary- 
nature of the nonnuc:lear investigations. Fewer fuocla- 
merit.al stidies of scparations systems were conducted, 
since increased emphasis was placed on the descriptive 
chemistry of separations systems and process develop- 
ment. Descriptive chemistry includes stiitlies of the 
reactions of substances to be separated and of separa- 
tions agents, sufficient to establish the crjntrolling 
variables iri rela tzd separativns processes. and investiga- 
tion of the chemistry of' poterifial new separations 
agents and methods, mtfrii;ieu t to evaluate thcir useful- 
ness. In process dcvelopment, a selected method is 
developed j r i j o  a complete process and tested at the 
scale ixeded to evaluate i t s  per formancc and/or eco- 
nomics and to  predkl  j t s  large-scale per for~nance. 
kithougli there i s  considerabie iirtertlepe~itlerice and 
riverkip between descriptive chemistry and process 
devclopinenl, Sects. 8.1, 8.2, arid 8.5 represent pri- 
rnarily the iormer, while Stcts. 3.3 and 8.4 represent 
primarily die latter. 

( 

OANL DWG 75-8422 

dH 

Pip. 8.1. Acyhted pyretolones (enol form). 
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Table 8.1. Synergistic extraction of americium 
from Talspeak solution by QMDP-TOP0 

and @PMBPP-TOPO nrktures 

(Composition of ‘Talspeak solution: 1 M glycolic acid, 
0.05 MNa5DTPA, adjiirted to pW 1.5) 

TQPQ @MDP“ @MBBPh Am distribution coefficient, 
...._ __. . ..... 

(M) (1W (M) Da“ 

0.1 0.2 1020 
0.05 0.1 160 
0.025 0.05 16 
0.01 0.02 0.62 
0.1 0.2 830 
0.05 0.1 19 
0.025 
0.01 

0.05 
0.02 

0.4 1 
0.0037 

‘Dlluent: ndodecane. 
bDiluent: diethylbenzene 

Bifunctional phosphonates. first investigated by 
Siddall,2-4 extract americium, curium, and rare earths 
fairly strongly from highly acid solutions (4 to 6 M 
HNO,) and, when pure, are easily stripped by dilute 
acids (<I N). These compounds have potential applica- 
bility to separating amei-icium, curium, and rare earths 
from all of the other fission products in fuel reprocess- 
ing wastes without prior destruction of the MN03 
(Sect. 8.3). In two commercially prepared compounds. 
d i b u t  yl -N,N-die  t h ylcarbarnylmethylenephosphonate 
(DBDECMP). [Fig. 8.2(a)] , and dihexyl-N,N-diethyl- 
carbamylmethylenephosplionate (DHDECMP), [Fig. 
8.2(b)] , impurities prevented stripping of americium in 
the desired way. rhese impurities may be strongly ex- 
tracting neutral compounds. Our present efforts relative 
to these cornpounds are directed toward developing 
methods of purification. 

Cyclic “crown” ethers are reported to  complex rnany 
mct:rl ions. especially alkali metals and alkaline earths. 
presumably with the metal ion within the ether ring. 
It has been su<gested that the size of the “host” ring 
affects the specificity as a function of the size of the 
metal ion. If so, one would hope to  be able to  
synthesize compounds that are highly selective for a 
specific ion or group of ions ~- an exciting prospcct. An 
arrangement has been inade with D. J.  Cram of UC7,A5 
to  supply certain of these compounds to  us for tcsting. 
We are currently investigating several compounds sup- 

2. -r. Ii .  Siddall 1II.J. Invrg. iliucl. Chem 25, 883 (1963). 
3. ?I. H. Siddall 111,J. Itluix. N U c l .  Chern. 26, 1991 (1964). 
4.  I. H. Siddall 111, U S .  Patent 3,253.259 (1964). 
5 .  AEC Contract AT(04-3)34, P A .  218. 

Fig. 8.2. Aliphatic N,N-DietIiylcarbamylmetl~ylene~hosphonates. 

plied by Dr. Cram and also some commercially available 
ones for possible applications as extractants. 

8.2 SEPARATION OF RADIUM 
FROM URANIUM ORE T’AlLINGS 

The objectives of this project to investigate the 
leaching charactcristics of radium fi-om uranium ores 
and sulfate-leached ore tailings are: (1 )  to determine if 
there is an economically practicable method for remov- 
ing the radium (and other radionuclides), and (2) to  
find a means by which the leachability of the radium 
due to weathering can be significantly reduced. h e -  
viously reported tests: 3’ which were directed toward 
the determination of the leaching characteristics of the 
“slimes solids” fraction of the sulfate-leached tailings. 
indicated that effective removal of radium was probably 
not practical, since it required the use of fairly 
concentrated H N 0 3  or HC1 solutions (3 M ) ,  or exces- 
sively large volumes of selected salt solutions. 

In more recently reported data:’ pertinent to possible 
reduction of radium leaching due to weathering. leach- 
ing tests were made on sea sand that had been ground 
to 325 mesh, washed successively with 0.1 M HCl 
solution and water to prevent adsorption of radium on 
the freshly exposed surfaces, and then coated with 
either RaS04 alone or K;iS04 in combination with 
CaS04 and/or BaS04 .  In an attempt to further eluci- 

6 .  Chenz. Technol. Diu. Annu. PYO~F.  Rep. May. 31, 1973. 
ORNL-1883. pp. 57 58. 

7. S. D. Shearer, “The Leachability of Radium-226 from 
Uranium Mill Solids and River Sediment,” P1i.D. thesis. Ilniver- 
sity of Wisconsin, Madison, 1962. 

8. Chern. Technol. Wiv .  Annu. piogr. Rep. Mar. 31, 1974, 
ORNL-4966. pp.  25-26. 
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(late the leaching mechanism, recent tests have been 
directed toward :j study of the interrelatioo of the 
effective solubililies (S‘) of calcium, strontium, bariurn, 
and radium sulfales. Mixtures uf  these alkaline-earth 
i;ulEates were precipitated on the surface of sand 
prepared as above arid lhen leached with 1 M NaClLO.1 
M IICl solutions. Results of leachir~g tests made in this 
Fashion (Fig. 8.3) suggest the following tentative gener- 
alizaiion for the rninor coniponent effective solubility 
(Sinin) in such mixtures: When the inherent solubility, 
Smin, of the rninor componeizt is greater t h a n  that of 
Ihe ~ i ~ i i j i i J  coniponent, S,,,,j, then 

where (min)/ {niaj] deriotes the mole r;itio o f  minor to 
major component in the solid phase When Srnin IS less 
than Sma,, then 

wit11 s ; ~ ~ ~  always GS~,~, , .  ~ y u a i i o r i  (:ij i s  consistent 
with the solubilities of barium and radium as a furictiori 
of the barium/radium ratio reported liy L,ind.’ 

.....__.___ .. . 

9. S .  C. Lind, J. E. Underwood. and C. P. Whittemore, “The 
Solubility of Pure Radium Sulfate,” .I. Arner, Chern. Soc. 40, 
465 --72 (1.918). 

Pig. 8.3. Effect of varying ratios of alkaline-earth sulfates (AES04) on the effective solubilities, S&. ACS04 mixtures were 
precipitated onto finely ground Fdnd and then leached with 1 iM NaCl 0 1 M HCI solution. Solubility (in g / d )  of unmixed AES04.  
S ~ ~ = O O ~ , S ~ , ~ ~ O ~ , E ~ ~  - 2 ~  I O + , S ~ ~ = ~ X  10-8 
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These data suggest the possibility of reducing the 
leaching of radium from ore tailings by the addition of 
BaS04 ; however, such a procedure would probably 
require impracticably large quantities of B;iS04. 

8.3 SEPARATION OF ALPHA EMITTERS 
FROM FUEL REPROCESSING WASTES 

In support of the program on Process Modificatioiis 
for Improved Waste Management (Sect. 4.2). we devised 
an improved process flowsheet for reinoval of ameri- 
cium and curium from reprocessing wastes. The new 
version (Fig. 8.4) eliminates most of the difficulties 
encountered witla a previously published flowsheet that 
was based chiefly on solvent extraction.' Several 
extraLtion steps are excluded by using conventional 
oxalate precipitation followed by scavenging of residual 
amounts of americium and curiuiri with small amounts 
of rare earths. These operations are applicable both to  

10. C h e m  Iwhtiol. Dill. Atiiiu. Projy. Rep. Mar. 31, 1974, 
ORNL-3966. pp. 26 21 .  

FROW r p T C  CNO: 
RECOVERY iCOO1112 AN0 

WzC ASNFLDED I 
STSTFU e---- CX*A,USTIVE 

EXlRPlSTIOR 

the original waste solution containing the arnei-icium, 
curium, arid fission product rare earth$ and to the 
americium-ciiriurn-bearing effluent from the Talspeak 
process. In the current version of the lalspeak process, 
the rare earths are separated from the trivalent actinides 
by preferential extraction with di('-ethyl1iexyl)plios- 
phoric acid (MEEHP) in dietliylbenzene from an aque- 
ous solution contairiirig glycolic acid and sodium 
diethylenetriaii i inepent~~cetate.  

The cornpusition of the feed solution is based on 
standard values assigned to typiL~il LWR fuel reprocess- 
ing wastes from 1 metric ton of uranium fuel 3s 

modified by the present concept of piocessing to 
remove uranium, neptunium. and plutonium to accept- 
able levels (Sect. 4.2). The values for distributions of 
americium and curium ii1 the various processing steps 
are based on results obtaincd in tracer-level laboratory 
experiments with simulated fuel-reprocessing solutions 
under a set of conditions which are not necessarily 
optimum. For example, removing more HN03 would 
make pos ib l e  3 deci-ease in volume. with a consequent 
decrease in cost and improved performance ; however. 

OR'IL cup 75-29, 

Fig. 8.4. Americium-curium recovery frorri Purex wa~te  by oxalate precipitation of fare eaitliq and actinides, Talspcak 
partitioning, reprecipitation, and calcination. 
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thc specific conditions in terms of r~su l t s  expccted have 
tio1 been determined yet. ‘Tlie terms “MNO-, renioval,” 
“solid-liquid separations,” and “oxalate decomposi- 
tion” designate operations for which varhotl:; ;dtemative, 
feasible methods exist. 

8.4 WASTE STFRE,4M ~ ~ ~ ~ S S ~ N ~  STUDIES 

The purpcose o f  this progiain is to provide certain 
fundanieiit;il information required for the satisfactory 
trzatment o f  waste streants in nuclear fuel reprocessing 
p l a t s .  A number (1 f problems have alrcady become 
apparent in studies’ of processes for removing long- 
lived actinides from was!es, :und certllin b;!sic informa- 
tion i s  required to  solve these problems. Additional 
problems w 4 l  likely become apparent as process devel- 
optiienf S I  udies coiitinue. 

hitially, the program involves only studies relxted to 
1-emoval of act i l l ides  from t h e  11.igh.level w 
iiom fucl reprocessing plants. ‘These studies i 

1 . an invcstigaf iwi of the  nxtiire of the plutonium in 
high-level waste s i r tuns  that j i  inextractable by 
TBP, i t s  mechanism of hrmai ion ,  aiid methods for 
its reinoval: 

2 .  control of neptt?niii~n valcrice by hie l i se  <if reagents 
l h !  3Te mOJE iiln*zrt:tblii: f!>l 1 e.?y~‘iC O f  >VLlSte 5tlelinlS 
Fwni the separa r i o r s  pmc 

Lreatinerit of irisoluble residues in the wastes. 
3 .  applicatioii of fused-salt processing methods for  

Last year the principal einpliasis was on studies of 
inextrat:t;ible pliitoniuni in high-level waste. I n  addition, 
an investigation of the kinetics o f  itie reduction of 
Np(VI) to  Np(lV) by ferrous nitrate was carried out. 
Studies on fused-salt methods f o r  dissolution of solid 
residues were initiated late in the year. 

Plutonium Behavior in Synthetic Wastes 

Difficult,ies in  achieving 11 igh plutonium recoveries 
(99.99%) during reactor fuel reprocessing are antici- 
pated due io the formation of inextractable plutonium 
species. Therefore, studies were initiated to investig te 
reactions iliat can result in plu toniutn losses :ind to 
deteimiiie the basic mechanism involved. 

Since plutonium will be recovered from spent r e x t o r  
fuels by the Purex process, in wliich f’u(1V) is extr;icted 

11 .  W. D. Bond and R. E. Leuze, Feasibility Studies of the 
Partitioning 0.f‘ Coinmercial lfigh-Level Wastes Generated in 
Spefit Nuclrur Fuel Keprocrsxing: ilrinunl t’rog~ess Report jor 
FY-ZY74, OKNL-5012 (January 1975). 

into TBP ii.om IlN03 feed solution. experirneril.s were 
designed to determine the stability of Pu(lV) in HN03 
and in synthetic fission product solutions at  various 
temperatures and acidities of interest. S o m e  o f  these 
conditions are conducive t o  hydnjlysis and precipit;i-- 
tion of several of the fission products, and efforts were 
tr iade to delerinine the effects o f  tl-tis behavior o r 1  

plu toniuni extr:ictability. 
To date, we have ideniified three piincipal problern 

areas that can result in plutonium losses prior to or 
during Purex processing. These include: ( I )  ;1 decrease 
in the plutonium &si ribution coefficients with succes- 
sive TBP extraction stages, ( 2 )  ltie Pu(1V) interaction 
with the rutheniurn-rhodiuin~pallatlium components of 
synthetic feed, and (3) plutonium losses associated with 
precipitates of zirconium and zirzonium-niolybdeiium. 
‘The basic niecliariisnis invdved in these reactions have 
not. as yet, been determined. 

A sindl but  significant amount o f  plutonium does noi 
extract into 30% TBP--(iodecane from ;i 3 M H N 0 3  
feed sijlntron. -[his effect itivolved about 0.01% of the 
present plutonium feed concentration and resulted in a 
decrease in plutonium distribution coeffkients from 
17.0 to 0.2 in seven consecutive extraction stages. The 
initial plutonium was highly purified, and spectrophoto- 
metric malysis hdicated i hat it was composed ei-it.irely 
of ionic Pu(lV); however, the limits of detection for 
other species are well above 0.01%. The nature of this 
inextractable plutonium has not yet been identified; 
identification will be difficult because of the very low 
concentrat ion. 

A second type of reaction observed involves h ( 1 V )  
instability when synthetic feed solutions are aged or 
heated. This iristability was found 1.0 be due primarily 
to interaction with the ruthenium component, although 
similar effects were observed lo a sinaller degree wiili 
rhodium and palldium. At rooin temperature, Pu(1V‘) 
is riot stable in the presence of rwthenium, rhodium,  
and palladiurn a t  acid concentraliiitis o f  2 1l.I o r  Less. As 
tnucti as SO% of  i tie Pu(1V) can convert to  other species 
in about len days. A significant feature of this 
interaction is that the affected plutonium is slowly lost 
from solution, although visible precipitates are not 
generally involved. When such solutions are heated, -the 
change occurs very rapidly, arid greater than 905% of the 
Pu(lV) can be converted at  80°C‘ even in fairly 
concentrated acid solution ( 3  to 7 M ) .  In  preliminary 
efforts to identify the species to which the Pu(iV) is 
converted, it was deterniined spectrophotc,metrically 
that the Pu(IV) was oxidized t o  Pu(V1); HDEHP m d  
TBP extraction behavior also indicated that the species 
was YIi(V1). The principal effect of  the rutheniuin-plu- 
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tonium interaction on plutonium extraction behavior in 
the TBP-HN03 system was the reduction of distribu- 
tion coefficients by a factor of 2 t o  3, although in some 
experiments small third-phase losses occurred due t o  
solids formation. 

Since plutonium losses can result from the forination 
of solids in feed or waste solutions, the hydrolytic and 
precipitation behavior of zirconyl nitrate is being 
studied at various conditions of aging and heating. At 
60 to 80"C, a consistent trend exists in the dependence 
of zirconium hydrolytic behavior on HN03 concentra- 
tion, and this trend was not altered by the presence of 
PU(N03)4. At low acid concentrations (1 M or less), 
colloidal solutions of very small zirconia particles (20 to  
40 a) are formed. I'hese colloidal solutions are very 
stable. and formation appears to be irreversible in that 
the particles do  not readily dissolve even in concen- 
trated acid solutions. Hydrolysis of %rO(NO3)2 in 
more-concentrated acid media (22 M> results iii the 
formation of zirconia precipitates instead of colloidal 
solutions. Maximum precipitation occurs at  2 M HN03,  
and the amount of precipitate that forms decreases with 
incrcasing acid concentration. A small amount of 
precipitate is formed even in 6 M H N 0 3 .  Although the 
nature of such precipitates has not been fully resolved. 
electron micrographs show that they contain distinctive 
rodlike structures that are typically about 1000 a wide 
and many thousands of angstroms long. 

The effect of zirconium hydrolysis on plutonium-TBP 
extraction behavior was evaluated in two experiments. 
In the first, h ( N 0 3 ) 4  was heated at 80°C with 
ZrO(NO3)2 in 3 M HN03 until precipitation occurred. 
Some plutonium is undoubtedly associated with the 
zirconia precipitate, but the amount is too small to  be 
detected by gross alpha analysis of the feed solution. 
The effect on plutonium extraction behavior is also 
quite small, although plutonium losses are a factor of 3 
greater than for solutions of Pu(1V) alone after five 
extraction stages. 

In the second experiment, 1 M FINO3 containing both 
P u ( N O ~ ) ~  and ZrO(NO3)2 was heated at  80°C. This 
gave rise to a major plutonium loss mechanism in which 
2% of the plutonium became completely inextractable 
in THP from 3 M FINO3. 

Reduction Kinetics of Np(VI) 

A study of the kinetics of the reduction of Np(V1) t c  
Np(1V) in nitric acid solution by ferrous nitrate was 
made using spectrophotometric methods.' The rate- 

12. Work performed in collaboration with J. R. Peterson and 
Y .  Jao of the University of Tennessee, Knoxville. 

determining step was found to  be the reduction of the 
intermediate species, Np(V). The reduction reaction 
was first order with respect to Np(V) and Fc(l1) 
concentrations and about 3/2 order with respect to 
hydrogen ion concentration. The complexing of Np(IV) 
with nitrate ion appears to explain the modest increase 
in rate observed with nitrate ion concentration. The 
energy of activation was me:isured to be 9.8 kcal. We 
also studied the kinetics of the back reaction of the 
reduction [i.e., oxidation of Np(1V) to Np(V) by ferric 
ion]. The reaction rate appears to explain the moderate 
slowing of the reduction rate after about 75% of the 
reduction has been completed. The oxidation reaction. 
which is first order with respect t o  Np(IV) and Fe(lI1) 
concentrations and negative third order with respect t o  
hydrogen ion concentration, has an activation energy of 
35 kcal. 'The relative effect of temperature on reaction 
rate constants is shown in Fig. 8.5. Based on the results 
of this study of chemical kinetics, a 10- to  20-min 
holdup time would be required to  reduce Np(V1) t o  
Np(1V) in a partitioning column. 

ORNL-DWG 75-5210Rl 
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Fig. 8.5. Effect nf temperature on the specific rate constant 
in the reversible reaction 

N ~ O ~  + + Fez+ + QH+ --L ~ p ~ '  + ~ e -  + 2 ~ ~ 0 .  

A = forward reaction; 0 = backward reaction. 
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Molten-Salt Processes 

A review of the literature was made to determine the 
feasibility of a molten-salt extraction process for 
removing actinides from the solid residues that result 
fi-orn the aqueoris dissolution of spent fuels. ‘These 
residues consist primarily of plutonium oxides and 
noble-metal fission products but may cont:iin trace 
quantities of other actinides. In principle? the recovery 
of the actinides should be possible by dissolving the 
residues in molten salts and then extracting the acti- 
nides into a liquid-rrieral phase. Studies were initiated 
regarding the clieinical reactions required for dissolu- 
tion of the residues in molten salts arid the chemistry of 
the molten-salt-liq uid-met al t ransfe < process. 

8.5 DISTRIBUTION EQUILIBRIA, KINETICS, 
AND MECHANISMS 

“Single-A tom” Chemistry 

Tlie adaptation of separations chemistry techniques 
to rapid handling and to stnall volumes has allowed 
successful completion, in cociperation with members of 
the Chemistry Division, o f  three separate studies of the 
chemistry of  nobelium, element 102, using the cyclo- 
tron-produced isotope “No (t, 12 = 223 sec). The 
first paper , “C oni parative Solution C heniis t ry , I on ic 
Radius, and Single-Ion Hydration Energy of Nobel- 
ium,” has been pul)lished;’3 itie other two 3re in 
preparation. The abstract of the second paper follows: 

“Nobelium Chemktry: Aqueous Complesing with Carboxalate 
l,?nr,” by W. J .  McDowell, 0. C. Keller, P. F. Dittner, and J. K. 
Tarrant. Abstmct: The tendency of divdent nobeliuin to form 
complexes with citrate, oxalate, and acetate ions in an aqueous 
medium of 0.5 M N H ~ N O B  has been examined by solvent 
extraction techniques and compared with the complex-forming 
ability of calcium and strontium under the same conditions. In 
general, for each anion, the compleuing iendency of nobelium is 
between that of calciurn and strontium, being more nearly like 
that of strontium. ‘The data allow the estimation of a 
concentration quotient for thc formation of NoIiCit and NoOx. 
Tliere is some suggstioii of a dirference in nobelium chemistry 
from that of calcium and strontium. 

The paper describing the third study will be entitled 
“Determination of Half-Wave Ainalgamation Potential 
of Nobelium.” In this work, iiobeliuni was placed in a 
small electrolysis cell and electrolyzed into 3 mercury 
cathode. By analysis of the nobelium solution before 
anti after electrolysis at each of several selected poten- 
tixls and by repeating the experiment a number of times 

13, R. J. Silva, W J .  McIlowell, 0. L Reller, IT., and J K 
Tarrant, fnorg. Chern 13,2233-37 (1974). 

at each potential, a fraction-redircetl-vs-poteritial curve 
was obtained. From this curve, the half-wave amalgama- 
tion potential from 0.1 iyI NI-14CI was determined to be 
-1.60 -t- 0.05 V relative to the slandard hydrogen 
electrode poiential. This is similar to  the values for 
calcium ( E ,  , 2  := - - -  1.97 V) and strontium ( E ,  / z  = - - -  I .S6 
V). again demonstrating the similarity noted above. 

Liquid Scintillation Alpha Spec trcmetry 

Outside interest in liquid scintillation alpha spectrom- 
etry increased greatly during the past year. This interest 
and our own use uf this alpha counting iiielhod resulted 
in investigations leading to significant iniprovements i n  
it and in the related separations methods for alpha-enlit- 
tirig nuclides. 

[n cooperation with the School of  Engineering of 
Arizona State University, Tempe, a short study of 
reflector arid electronics configurations was made and 
reported. The abstract follows: 

“Some Studies of Reflector Construction and Electronics 
Configurations for Optimizing Pulse-I-Icighl and Pulse-Shape 
Resolution in Alpha Liquid Scintilhtiorl Spectrometry,” by 
John W. Mck‘lveen, School of Engineering, Arizona Statc 
University, Tempc, Arizona, and W .  J. Mclhwell, Chemical 
‘Technology Division, Oak Ridge National Laboratory, Oak 
Ridge, Tenn, AbsfmcC: Various sample sizes, reflector siLes and 
shapes, and retlector materials were examined to determine 
their effect on pulsc-height and pulse-shape resolution in alplla 
liquid scintillation spectrometry. A section of metal sphere 
coated with a diffuse-white reflective material was found to 
have the best characteristics for both pulse-height and pulse- 
shape resolution. .4lthough sample volurnzs as large as 10 in1 
could be tolemted when used with reflectors to accommodate 
thcm, the best results were obtained with 1 -nil samples and 
smaller reflectors. Comparison of two types of pulse-shape 
discrimination circuitry for separating alpha and bcta-gamma 
pulses indicated that a zero-Lxmsover method was superior to a 
constant-fraction-.tuning method. The coinbiiiation of these 
improved detectors with solvent extraction methods of incurpo.. 
rating the sample in the scintillator and pulse-shape discrimina- 
tion allows alpha spectrometry with a backgjwund as low as 
0.01 count/min and an energy resolution as good as 5.5%. 

Other work was directed toward adapting liquid 
scintillation alpha spectrometry to  a wider range of 
applications. A program being carried out in coopera- 
tion with the Health Physics Division has the objective 
of  improving both the instrurnentatiori and the chennli- 
cal separations aspects of the system. Efforts in 
instrumentation development are aimed at improving 
alpha-energy resolution arid pulse-shape resolution, that 
is, the capability for e1ectrotiic:illy separating alpha-pro- 
duced pulses from bela-gamma-produced pulses. Chemi- 
cal systetns improvements have included increased liglii 
oiitpirt and stability of the scintillatcjr solution as well 
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as niore effective and more dependable methods of 
extrxt ing the alpha-emitting nuclide into the scintil- 
lator. Progress was made in the development of a 
procedure for stripping the alpha-emitting nuclide from 
the extractive scintillator used in a commercial beta 
liqiuid scintillation counter and reextracting it into the 
high-resolution scintillator. This procedure could be 
used to scan a large number of samples. selecting only 
those requiring the better enerzy resolution or the 
1 owe r b 3 c kg iu  u nd of the high-re so I u t i on detector for 
further treatment. 

Iodine Chemistry 

In the lodox process. concentrated nitric acid is used 
to scruh or remove volatile iodine fi-om air streams 
encountered in vaiious parts of a nuclear fuel reprocess- 
ing facility. The nitric acid serves as a n  oxidiLing agent 
to convert the iodine to  the nonvolatile pentavalent 
C()rin ( i .e. .  t o  ;I f'urm of iodiz acid). 'I'he iodic acid o r  i t s  
equivalent form of' l,Os o r  K:30R is then ?tored 01- 

disposed of' as radioactive waste ( I  I. I). Oxidation 
o f  iodine leads to the production of reduced nitrogen in 
the I-IN03. In oxidizing iodine to the peiltavalent state, 
the use of H N 0 3  iil the 16 t o  20 M range is most 
important, since at these concentntions the reaction 
rates are much  faster arid the chemical equilibrium 
favors formation of pentavalent iodine. 

Previously. we reported studies of the chemical 
equilibria made by spectrophotoclreriiical methods in 
tlie H N 0 3  concentration range of 14 to 18 M.I4 This 
report surnmarixs tracer studies of the lodox equilibria 
i n  17 t o  20 "M HNQ3. In order to  approach the 
operating conditions to be used in the actual gas 
scrubbing process, experiments were designed to  meas- 
ure the  liquid-gas partition of iodine between 17. 18, 19 
and 20 M HW03 solutions and aiir 

Some understanding of the partition behavior of 
iodine can be obtained i fwe assume that we are dealing 
primarily with a two-species equilibrium (namely, 1, 
and HI03) .  Studies made on the HN03-NQz-N0 
system indicate that the NO2 /NO ratio becomes large. 
at least 100. for HN03 concentrations above 17 
M,'  Thus i t  appears that the reduced species will be 
either NOz or its dimer, N 2 O 4 ,  Further, on the basis of 
other work on the N O z - Y 2 0 4  equilibi-iurn, the pre- 
dominant species at high equivalent nitrite concen- 
trations will probably be N z 0 4  . I  '-' 'I he correspond- 
ing redox reaction is 

and. with [Hz 01 and [ I I N 0 3 ]  approximately constaiit, 
the equilibrium quotient expressed in liquid-phase 
(.oncentrations is 

We define the distribution coefficient 11 as the ratio of 
tracer iodine count rate in the liquid to  that in the gas. 
C[,/C(;. Since 11103 exists only in the liquid state and 
599.9% of the iodine is ii7 the form 1-110, in these tests, 
CL x II-IIO3 ] . The only species in the gas is I , ,  so that 
assuitiiiig 1, distribution to follow Henry's law ,with 
proportionality constant k gives C, 2k [ I?  ] . Equa- 
tion ( l ) then becomes 

where k l  E log [ Q / 2 k ] .  since the concentration of tlie 
actual predominant reduced iiitrogen species, [N, O4 ] , 
is equal to  the equivalent stoichiometric concentration 
of nitrous acid, [HNC), 1 Further, [ I I ! 0 3  ] was held 
approximately constant in these tests ( H  varied oiily 
when C, varied), so that Eq. (3) reduces t o  

where k2 E X ,  log [H1Q3] . A plot of log H vs log 
[I1NO2 1 s t  would thus bc expected tu show a slope of  
-5. 

14. Cliem. Teclinol. Uiv. Aririu. Projy. Rep. Mat-. 31. 1974s 
ORNL4966, pp. 29%31. 

15.  J,. Ya. Tereshchenko et ai., Zh. Prikl. Khirx  31, 487 92 
(1968). 

16.  M. E. Pozin et al.. %h Prikl. KIzim. 36, 16 - 2 4  (1963). 
17.  L. Ya. Tercshchenko et al . .  Zh. Prikl. Khim. 41, 702--9 

(1968). 
18. V. I .  Atroshchenko et al., Kors Tckhnuloyhii Sviazon- 

novo Azota .  Izd. Khiiiiia, ?vl.losco\v (1968). 
19. L. H. Mishina et ai., C'<'ctii. Akad. Relarusk. S.S.R., Ser. 

Fiz. Tekti. iVai3uk, 4, 23  (1967) .  
20. R .  I . .  -1'. Wayland, J,  PhjJs. Clietn. 72. 1626 ( I  968). 
21 ,  C. Matssa and 1:. Tonca. Basic Nitrogctz Coiiipound.7. 3d 

cd.. Chem. Publishing Co..  Inc . .  New, York. 1973. 



li- the paedorninnnt reduced nitrogen spccics were 
NO2 inslead of N2 , the corresponding I-elatiori 
would be 
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Fig. 8.6* Dependence of the iodine partition coefficient in the lodox proccss on the nitrite-equivalent conceniration at constant 
H1O3 coiiceiitratioii (0.002 ;I.n and differing nitric acid concentrations. 



9. Biomedical Technology 

9.1 ADVANCED ANALYTICAL TECHNIQUES 

Various disease states may give early warning ot' their 
onset o r  their continuing presence by subtle changes in 
excrctioii levels of niolccular constituents in physiologic 
body tluids. Prompt medic4 treatiiiznt based on these 
early symptoins may prevent the disease from develop- 
ing; retard the progress of the disease; or, at thc very 
least, minimize its debilitating effects. Detection and 
rnoiiitoring of these early symptoms will reyuiie that 
research and clinical laboratories be equipped with 

automated high-re solution analy tical systems that can 
identify and quantitate many molecular constituents. 
New analytical colicepts are bciiig developed by the 
Biomedical Technology Group; some of these will lead 
to the fabrication of prototype analytical systems for 
use in clinical and biomedical research laboratories. 

Engineer icg Development 

Three major analytical conci.pts are ucidergoing de- 
\ic lo pmcii t an d 111 a y be ca t ego ri7 e d as: hi & re so l II t ion 

SUCROSE RAFFINOSE 

zT05E L 

OW11 ')1G 7 5 - i 3 3 R I  
1 . .~ - . . . . . . . . . ~~ 

CHROMATOGRAPHIC SEPARATION FOR 6 n r n o l e s  E A C t i  
OF 43 CARBOHYDRATES USING A BORIC ACID 
CONCENTRATION GRADIENT 

COLUMN - 50 x 0 2 c m  
mw.- sooc 
GRADIENT- 0 I -. - 0 67% BORIC ACID, pM - 7 0 
FLOWRATE- 13 ml /hr 

GLUCOSE 

0 1 2 3 4 5 6 
TIME 4 hl-) 

Fig. 9.1. Rapid scparation of 13 carbohydrates by anion exchange chromatography, using a neutral boric acid concentration 
gradient. High sensitivity of the cerate oxidimetric detector shows the baseline rise due to an increasc in borate concentration. 
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liquid chromatography, centrifugal elution chroina- 
toguaphy, and elutioii electrophoresis. 

High-resolution liquid chromatographic systems. The 
hi&-resolu tion liquid chromatographic system receiving 
the inost developmental atteu tion in the past year was 
the glycoprotein carbohydrate analyeer. The applica- 
tion of the cerate oxidinietric detector systeni t o  
carbohydrate analysis W;IS discussed previously.’ This 
detector system has been improved and coupled with a 
liquid chromatographic system’ fur the analysis of 
neii tral carbohydrates ill serum glycoproteins. The 
sensitivity of the cerate oxidiinetric system for 
carbohydrates was increased, and the analysis tirile for 
protein-boutid carbohydrates in serum was reduced. 
Figure 9. I illustrates the separation of 13 carbohydrates 
in 6 lir, using the improved glycoproteiii carbohyclrate 
malyze r. 

Centrifugal elution chromatographic system. A proto- 
type centrifugal system was developed to permit photo- 
metric rnonitoriiig of eluate streams froin multiple 
chromatographic coIurntis.” The inajor components, 
shown in Fig. 9.2, include: ;t rneaiis for sample and 

SAMPLE 
INJECTION 

VALVE 

CHROMATOGRAPHIC 
COLUMN 1 

eluent introductiori, a rotor with u p  to eight chro- 
matographic coluinris termitiating in flow cuvets, a 
stationary light source and photodetector, and a digital- 
logic circuit which syrichroriizes the cuve t signal with 
Ihe appropriate recorder trace. 

In operation, the sorption mediuin is loaded into the 
columns dyiiainically in the fo rm of a sluriy. A steady 
eluent flow rate is established, and the sample is 
injected into the eluent stream. The eluate monitoring 
system is operated throughout the run, and a niulti- 
cliaririel strip-chart recorder is used for data display. 

I .  C;. D. Scott CT al., I3perirnentul Engineerin,q Sect. Semi- 
antiu. Progr. Rep. Sept. I ,  15/73, to Fefi. 28, 1974, ORNL- 
TM-4602 (Dzccmber 1974). 
2. S. Katz and W. W. Pitt, Jr., “A New Versatile and Sensitive 

Monituring system f o r  Liquid Chroniatography. Cerate OXlda- 
tion and t71uorescence Measurcrnent,” h o l .  Lett. 5, 177 
(1973. 

3. C.  0. Scott, W. W. Pitt ,  and W. T .  Johnson, “Cenirifugal 
6liition Chroniatogrdphy with Eluate Munitoring,” .I. 
C‘hroniatog. 99, 3.5 (1974j. 

O R N L  OWG 7 4 - 3 7 3 3  O R N L  OWG 7 4 - 3 7 3 3  

I____. 

STRIP  CHART 
RECORDER 

R OTATl N G 
PLASTIC 

ROTOR 

STATIONARY 

4 - S Y N C H R O N I Z A T I O N  

\4-PHO1.Q CONDUCTORS 

TO V A C U U M  LIGHTS 90” APART SYNCHRONIZATION 

C O L L E C T I O N  

Fig. 9.2. Centrifugal elution chromatograph with eluate monitoring. 
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Experiments with simple gel filtration separations 
have shown that the apparent efficiency of the eiiiire 
system can be represented by aboui 30 theoretical 
plates. The comparable chromatographic peaks froni 
each channel had very close elution times, indicating 
that tlie eluent flow rates for tlie various channels wer: 
quite similar. 

Elution electrophoresis system. The usual high- 
resolutioii electrophoresis for biological inacromole- 
cules requires a series of manual mariijiulations to 
achieve best results. Consequently, the entiie operation 
can require a relatively long time (hours), and tlie many 
nianual steps result in poor quantitation that can be 
very operator dependent. A new concept for electro- 
phoresis is under development that, hopeiully, will 
result in a highly automated analytical system which 
will be accurate, reproducible, and require a short 
analytical time. This coiicept is that of elution el- t ~ t r o -  ~ 

phoresis in which the eluate stream is continuously 
monitored by a flow photonieter or colorimeter. 

The elution electrophoresis system utilizcx a hori- 
zontal glass colunin (typically 3 nim in diameter by 40 
cni long) loaded ~ 4 t h  a packed bed of parficulaics aiid 
jacketed for forced-liquid cooling (Fig. 9.3). Samples 
are introduced at the midpoint through a septum. and 
coluiiin crltry points are ;Ici-ailged to allow a continu0us 
tlow of  clueiii sweeping past each electrode cli;iniber- 
into tlie column or colunin exit. Eluent can be 
introduced directly into the system at either clectrodc 
side during or suhsequeii t to the electrophoresis scp:ii-a- 
tion, and the eluate stream pi-ogresces throngh a 
coiitinuous-flow uv photonietcr or coloririieter. A rea- 

gent development system can also be used wherein one 
or more reagent streams are continuously mixed with 
the eluate stream and the iesulting reaction products 
are con tinuously monitored photometrically. 

The entire system, excluding the 5-kV power supply. 
is enclosed in an acrylic plastic housing. Double- 
interlocking safety switchcs are installed at  each point 
of entry to the colunili aiea. As a resiilt, electrical 
current can be applied only if and when all switches are 
closed. 

Analytical hpplicatioans 

Analy t i d  Fepxrations studies on human pliy-siologic 
fluids continue to demonstrate useful applications of 
high-resolution liquid chroniatographic systems and 
detectors developed by the Biomedical Technology 
Group. Enipliasis is continuing on the separaiion and 
analysis of protein-bound carbohydrates in serum. 
Feasi bili t y separations of human ser u in immuno- 
globulins, using the centrifugal elution chromatograph. 
have shown a potential f o r  the development of a 
prototype clinical analyzer. Preliminary results obtained 
with the elri tion electrophoresis systeim indicate that 
clinical utility includes the separation of' serum proteins 
wi th  detection by IN photometry, the separation of 
various hemoglobins in the hemolysste I'rom red blood 
cells (KBC) with colorimetric detection, and tlie separa- 
tion of w-uiii isocriqmes of lactic dehydrogenase 
(LDH) with reagent dcvclopinent followed by colori- 
nictric de tcc t ion .  

.ihnalysis of neutral carbohydrates in s~ruiii glyco- 
proteinis. A sensitive and reproducible chrumatograpliic 

Fig. 9.3. Elution elec?ropbore.;is system. 
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procedure was developed for the analysis of ueiilral 
carboliydi ates in glycoproteins. Separalion i s  effected 
by elution of ;i high-resolution anion exchange colurnn 
with a pI-1 7 concentrahri  gradient o f  boric acid (0.06’7 
to 0.672 I1.i); high-sensitivity detection is provided hy a 
c:er;ite oxidirnetric system2 which monitors the fhiores- 
cence of Ce” produced by the oxidation of eluted 
constituents with Ce4+. Sensitivity to mtnoniok 
amounts of the carboliydr ales galaciose, fucose, and 
iiiarinose was demonstratcd. ‘The separation of a refer- 
ence standard containing 16 neutral carbohydrates i s  
shown in Fig. 9.4 and is illustrative of the separations 
that can be achieved with this system. 

Levels or glycoproteins i n  human sentin were esti- 
mated by using hydrolysis arid analysis of the protein- 
bound carbohydrates. Elevated lcveis of seturn glycts- 
proteins were observed in human subjects with malig- 
nant diseases and in laboratory animals with induced 
turn or^.^^^ An eleval ion of scrurn proteiri-bourid fucose 
was reported for patients with malignant breast 

I o  general, nonspecific colorimetric procedures 
were used to aiialyze neutral carbohydrates in serum 
glycoproteins even tliough tile methods were shown to  
Be subject to interferelice. -- C:~uornatogral,hic sepa- 
ratioti enables a specific analysis of each or the three 
neutral carbohydrates (rimnose,  fUcose, and galactose) 
that are bound to serum glycoproteins. 

Pro tein-bound mannose, f i ~ o s z ,  and galactose were 
ineasured in 12 riorrnal fernale subjects. Our average 
fucose ;inalysis (Table 9.1) was substantially lower than 
the vviucs tleterniined by inearls of t17c nonspucifk 
colorimetric procedure arid rcporietl in  thc literature. 
‘The latter generally ranged between 8.2 arid 9.5 rng/l00 
ml.’ ‘ 9 ’  However, Sobocinski et analyzing tile 
siirne pooled normal serum by means of the nonspecific 
colorinietric method and a specific enzymatic pro- 
cedure, found that results by the nonspecific method 
were 44% higher than those obtained by the enzyniatic 
method 49.5 mg/l00 in1 vs 6.6 rng/l00 rril). Our results 
would tend 10 verify [lie Failure of the colorinietric 
method to measure accurately true fucose levels. 

‘I’he three protein-bound neutral carbohydrates were 
measured iii sera froiri 29 patients with metastatic 
breast cancer. ‘Fwerity-three of thctic paticnts had 
fticosc: values above the range vf values fouod lor The 
normal l‘ernale subjwls. Levels of the three carbo- 
hydrates were all within iicmrial ranges for  thc six 
patierits having nortnal fucose levels. In  general, eleva- 
t.iori in fucose was accompxniccl by elevation in the two 
hexoses; Itowever., ;I proportionateiy lager  incrz;ise was 
apparent in the levels of fu‘ut:ose (Table 9. I ) .  

The resul ts  showing that 79‘A of the paticnts 11:ave 
elevated fucose are inleresting, but the high perceti [age 
of these patients displaying wxmal values is somewliat 
disappoin tbig. Additional studes are necxlcd for pa- 

Table ’3.1. C3amatographic analysis of protein-bound carbohydrates iii Sera from normal fernales 
and those with metastatic breast cancer 

-_____________~__ ~ - ~ ~ ................................ ~~~~ ~~~~ ......... ~ ............................. 

Average analysjs (mg/lO(3 ml) hngC {JlaS/1 00 1111) T y p e o f  No ~ II 

subject Mannose C.V! Fucose C.V.‘ Galactose C.V.‘ Mannoct- Fucose Galactos2 

Normdl I ?  44.4 17.6 4.8 15 7 43.6 19.5 34.5 62.6 2.8 7.6 30.2 57.5 

BWdSt CdIlCCI 29’ 69 0 26.8 10.0 39.2 73.5 30.9 45.0- 107.3 7.0- 21.1 39.1 125.1 

‘Coefficient of variation in %. 
’Six patients liad all analyses within the rsnge uf normal values. 
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tictits in the latter category to  deterrnme if the normal 
levels itre maiutained. 

Centrifiigal elution chromatography of serum im- 
munoglobulins. A separation of the protein IgG from 
normal tiuniari serum is representative of thz aPfinity 
chrornatography expermien ts using the centrihigdl elu- 
tion chomatograph. The eight-place, fixed-column 
rotor previously described was used for this investi- 
gation. The columns are dynmucally loaded with a 
slurry of Sephadex 6-25, 100  to 30811 s i ~ e  range, onto 
which aril i-(hurnan)-lgG h d  been inmobilircd. When a 
stzddy-&te flow rate of eluent wds established, the 
sainple volume of 25 pl of hun-rdn serum per coluinii (a 
totd of 200 pl for eight coluiinisj was dynainically 
intioduced into the eluent annulus. The resulting 
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ROTOR:  R COLUMNS 
COLUMN DIMENSIONS: 0.32 crn x 10 c m  
ELUENT ENTRY: RADIUS O F  3.5 c m  
R O T O R  SPEED 400 r p m  

SAMPLE VOLUME 0 0 2 5  i c / c o l u m n  
STATlONARY PHASE A N T I  (HUMAN) I g G  IMMOBiLIZED 

SAMPLE. HUMAN SERUM 

ON SEPHADEX G-25.100-300p 
FLUENT W A T E R .  THEN 3&l NOSCN 

Fig. 9.5. Affinity chromatogran for separation of IgG 
from normal Iiornan serum, using prototype centrifugal elution 
chromatogmph. 

chromatogram is shown in Fig. 9,s. As expected, the 
chromatographic pattern had a large peak for all of the 
rionsorbed species, followed (after changing the eluent 
to 3 iW IVaSCN) by a much sinaller peak for the specific 
protein, IgG. The rotor speed was 400 rpm; monitoring 
was done at a wavelength of 280 nin. 

The results of these preliminary experiments led us to 
believe that the sysiern i s  capable of performing 
deterrnioatioiis of several different Serum proteins 
simultaneously froni a single saniple in less than 10 min. 
Proteins of specific interest include the hurnan irrmuno- 
globulins. 

Elution electrophoresis of senm proteiils, heino- 
globhis, and serum isoenzymes of LDH. As inariy BS 

12 electrophoretic peaks, detected by a flow uv 
photometer operating at 280 mi, were separated fi-om 
10 p1 or less of human serum. A typical electro- 
phoretogram of human serum sliows a separation in 
which ttie n o r r n a l  serum protein pattern (Le., the 
pattern usually observed hy ccllulase acetate electro- 
phoresis) is observed but with an iudication of addi- 
tional resolution. The peaks were tentatively identified 
by elution position and by reelectrophoresis or1  an 
analytical gel electrophoresis system 

Operation of the same systeni with a flow colorimeter 
monitoring at 41 0 tiin but with other operating 
conditions similar to thosc used with the sei-uni 
separation gives an indicatioti of stveil hemoglubin 
peaks from 1 p l  o f  a 4: I (distilled water:packed KBC) 
RBC hemolysate. This conpires  will1 the usual four to 
five bands tllat are more ionipletely isolaled with a 
cellulose acetate separation. 

separation of serum l,r)H isoenzyines was achieved 
using the same operating conditions as those above; 
howcver, a reagent develupnicrit system was used to  
detect the separated enLyrnes. A colorirne1ric tleter- 
mination o i  isoetizyrne activity w s  inacle contiiluously 
by  n~oiiitoring the Iaclatc-to-pyruvate conversion with ;I 

flow ccilorimetcr measuring absor1)arice at 5 10 nm. 
Five major elcctropho~ei ic peaks and severd snialler 

peaks werc evident in the resulting PDEI separation 
(Fig. 9.6). 'This pattern was in goad agrccincnt with the 
typical separation uf the iivc coromoti LDH isoenzymes 
on cellulose acetate. The separated enzymes were 
tecl tatively identified by elution position and cochro- 
matography of two of the isoeiizy m s .  

An eluiiori clectrophoresis that can be applied to 
routine clinical analyses has not yet heen developed, 
but the operating concept for stich a systcin h a s  been 
demonstrated by a first prolotype system. 



E 
c 

s 
IQ) 0.03 

I- 
Q 

w 
0 
P 
Q 

0 
m 
in 

0.02 

a 

w 
IPL 
3 
I- 
x 0.01 
2s 

z 
0 
I-. 
0 
Q 
w 
E 

- 

- 

C 

O R N L  D W G  75-629RI 

TYPICAL. SEPARATION C 
CELLULOSE ACETATE 

20 
APPROXIMATE ELUATE VOLUME (mll 

.... L . . l L . . -  
5 IO 15 

Fig. 9.6. Separation of LDB isoenzymes in 10 ALI of pooled 
Semm by elution electrophoresis at 1200 V for 30 min with a 
S-ml/hr buffer (0.25 M sodium phosphate, pH S.6) flow at each 
end of the column. Eluate monitoring IS by  rzagent develop- 
ment. 

9.2 CENTRIFUGAL FAST ANALYZER 
DEVELOPMENT 

The basic objective of this effort is the dcvelopment 
of fast analytical systems for clinical, small animal, 
genetic moni~oring, environmental, and othcr related 
uses. I’he first SysteIil developed under this program was 
the GcMSAEC Centrifugal Fast Analyzer (CFA), which 
features the use of a centrifugal field to simultaneously 
initiate and transfer several parallel reactions into their 
respective cuvets, where they are rapidly and sequen- 
tially nionitorcd by a stationary photometer or fluo- 
rometer and an on-line digital data system.’ - ’  ‘ These 
analyzers have been comnicrcially developed, and ap- 
proximately 400 to 500 of them are now operating in 
clinical laboratories located around the world. In 
general, their acceptance has been good, and although 
the technology is ncw, a sizable source of reference 

literature is now available with over 85 articles or 
chapters published on the subject. 

Engiraeering Developmerll 

During the past year, prjoiary efforts included the 
continued development of an analytical system based 
around a miniaturized prototype of a CFA. A system 
cornprised of an automated sample-reagent loader, an 
analyzer, a computerized data system, a rotor cleaning 
station, and several rotors has been evaluated and 
routinely operated for the past two years in the clinical 
laboratory of the Health Division. To obtain another 
indepcndent evaluation, two additional systems were 
fabricated and are bcing assessed in the clinical labora- 
tories of the NASA Johnson Space Center, Houston, 
Texas, and thc National Institutes of Health (NIH), 
Bethcsda, Maryland. Three additional systems are being 
fabricated for  fu tiire evaluation in several diverse 
laboratories such as a blood bank laboratory, a small- 
animal laboratory (National Center for Toxicological 
Research, Jefferson, ArkansaT)? and a genetic screening 
laboratory (University of Michigan, Ann Arbor). 

To broadcn the application of CFAs, a inultipurposc 
optical system has been developed (see Fig. 9.7). Uie 
same basic systern can be used to obtain either 

___ ......... __ ~ 

13. N. G. Anderson and C. A. Burtis, “GeMSA8C Fast 
Clinical Analyzers,” p. 5 2 1 in Clinical Hiochemhtry ~ Principles 
and Methods, Walter de Gruyter, berlin, West Germany, 1974. 

14. N. G. Anderson, C. A. Burtis, and r. 0. Tiffany, 
“EnLyrnology. Clinical Chemistry, and the Developmznt of Fast 
Analyzers,” p. 155 in Eftzymalogy in ,Ifcdirine, ed. by P. 
Blume, Academic Press, New York, 1974. 

15. ?‘. 0. Tiffany. C. R.  Hurtis, and N. G. Anderson. “Fast 
Analyzeis for Biochemical Analysis,” in h’JeflIocls in Bnzyrnol- 
ogy, vol. 31, Academic Press. New York,  1974. 

16. T. 0. Tiff.dny, “Centrifugal Fast Analyzers in Clinical 
Laboratory- .4nalysis,” p. 129 in CRC Critical Reviews in 
Clinical Laboratory Scienccs, The Chemical Rubber Company, 
Cleveland, Ohio, 1974. 
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Fig. 9.7. Schematic of the niultipurposc optical system 
developed for use with a Centrifugal Fast Analyzer. 
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transmission, fluorescence, ~Iiemiluminesce~ice, or light- 
scattering riieasurements. :‘his i s  achieved by combining 
different li$t-l~. sources, fiber optics (Fig. 9.81, and rotc)i-s 
of various di:signs coiistruct.ctl f rom appropriate win- 
dow materials (Fig. 9.91, and by iising a relative 
gemirrrical location to a piiotoniidtiplier tube.’ I- 

In addition to the miniature analyzer, a portable 
vcrsion is under deveIopnmit.20 I t  is anticipated that 
tlie portable GFA will ultimateiy be ;i sruall unit that 
will contain bot11 the ariaLyzer and data system iii a 
singlc cabiine t. The evaluation of !he second prototype 
of portable CFA was coniple ted during the past yex .  
Based on this evaluation, a tlijrd prototype was de- 
signed and is being fabricated. ‘T’kae new prototype (Fig. 
9.1 O j  features ;in improved riicchanical drive ;uid 
braking systeni to facilitate the efficiency of transfer 
at id  mixing, and a new temperature control system thal 
u t i l i x s  a thermoelectric heat purnp. The aiialytical 
rnodulc along with a microprocessor data system will be 
iricorporated into a single ccibjnet. 

A dedicated microprocessor data system was dtxigiicd 
and fabricated (Fig. 9.11). The licarl of the system is an 
I~itel-8080 ~r~icroprccessor chip. ‘ lXs  chip, w i t h  about 
30 additional integrated circuit chips, will inalte up the 
microconiputcr that can c ~ f l t r o l  the analyzer illlit atid 
the data acquisition m t l  t i~~iiipula! ion ,  and can print  
the data and identifying informalion clin an alplha- 
riuincric printer. 

Rotor:; of various designs were fabricated and 
tested’ * 2  in a cc>ntitluing e f for t  1.0 (IevetcJp otic h i t  
t:ontains preloadcd reagents and is capable 01‘ accteptiiig, 
processing, and : i ~ . ~ ; ~ l y ~ i r ~ g  11 whole-blood san~ple. J I I  
regard to the prepack:igirig of reagcnts, S I  udies are 
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Fig. 9.8. Modification of the optical head of the Centrifugal Fast Analyzer which allows for either of two fiber optic 
configurations. ( A )  180" orientation; (B)  90' orientation. 
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Fig. 9.9. Family of rotors designed and fabricated for use with the miniature Centrifugal Fast Analyzer. (A)  General-purpose 

transmission rotor, body fabricated of 0.5-cm black acrylic plastic (ehambers in serial a r ray) ,  windows fabricated of 
ultraviolet-transmitting ( W T )  ac 

ed from 0.5-cm UVT acry 
W T  windows; (E) clear-body rotor, black acrylic top wndow, W T  bottom window; (F) b 
sealed into the peripheral wall of each cuvet, UVT windows. 

ic; (SI general transmission rotor having quartz windows; (0 clear-b 
chambers in serial array, W T  windows; (0) clear-body rotor, chambers 

-body rotor with quartz cylin 
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Fig. 9.1 0. Side view of the advanced prototype of the portable Centrifugal Fast Analyzer. 
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Fig. 9.1 1. Microprocessor data system. 
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study was made in which the modified procedure was 
compared with the manual protocols used by the 
medical technologists of the ORNL clinical laboratory. 
Equivalent results were obtained for all but three of the 
more than 100 samples analyzed in the study. Two of 
the discrepancies were due to transcription errors, while 
the third was a sample problem. 

Protocol development. After the improved blood 
grouping procedure was adapted for use with the 
miniature analytical system, a protocol and instruction 
manual was written. The manual describes (1) reagent 
(antibodies) requirements, (2) antibody titering, (3) 
setup procedure, (4) operating procedure, and (5) 
computer programs. A copy of the manual was supplied 
to NIH and will accompany the analytical system that 
will be evaluated by an external laboratory. 

Prothrombin time determination. The principle of 
the CFA was applied to the field of coagulation 
testing2 The mu1 tisample parallel-monitoring capabili- 
ties of the analyzer give it several distinct advantages 
over instrumentation conventionally used for clot de- 
tection. An on-board normal control plasma can be 
monitored simultaneously with up to 16 test plasmas. 
Thus the control and all test samples can be treated 
identically with respect to temperature, agitation, sur- 
face activation, and rcagents by minimizing many of the 
extraneous factors that have plagued the proper control 
of coagulation testing. Another higlilj significant ad- 
vantage is the small volume requirements of the 
analyzer; for example, less than 50 pl of plasma and 
100 p1 of reagent are required for the prothrombin time 
(FT) test. 

We are evaluating the performance of the miniature 
CFA, the available data acquisition system, and current 
computer program revisions for the determination of 
the PT test end point. The coagulation process may be 
monitored either nephelometrically or turbidimetrically 
(Fig. 9.12) as the fibrin polymer clot forms. The 
modest centrifugal field generated in the small rotor 
(<16 X g) appears to have no deleterious effect on clot 
formation. The precision of locating the end point is 
better than +5%, even for samples with prolonged 
clotting times (>50 sec). For a limited number of 
therapeutic samples, preliminary correlations vs :: fibrin 
switch instrument have been satisfactory (r >0.9), 
although CFA times are consistently longer than those 

24. W. D. Bostick, M. L. Bauer, J. M. Morton, and C. A. 
Burtis, “Coagulation Time Determination with Automatic 
Multiparametric Analysis Using a Miniature Centrifugal Fast 
Analyzer,” Clin. Chern. 21 (in press). 

of the reference technique due to  the lower operating 
temperature (30 vs 37°C) currently employed. 

Environmental analysis. Specific environmental analy- 
ses must be adapted or developed to utilize the portable 
CFA. Consequently, a program was initiated to  adapt 
or develop chemical reagents and specific methods 
for water analysis using the CFA. These developments 
include: (1) analytical procedures for phosphate, zinc, 
iodine, lead, and sulfate; (2) methods for other water 
analyses, especially for nitrite and potassium; (3) deter- 
mination of arsenate in solution; and (4) determination 
of the catalytic effect of Tween 80 on complex forma- 
tion. 

Genetic monitoring. In a program funded by ERDA 
and conducted in collaboration with the Department of 
Human Genetics of the University of Michigan, Ann 
Arbor, we investigated kinetic spectrophotometric pro- 
cedures that can be adapted to a miniature CFA for 
genetic monitoring of enzymes. To demonstrate the 
feasibility of this approach, we studied the kinetics of 
several glucose-6-phosphate dehydrogenase (G-6-PD) 
variants. 

The results of the initial feasibility studies demon- 
strated that the A and B variants of G-6-PD can be 
differentiated kinetically by thermal and chemical 
perturbation. From such information, a simple pro- 
cedure can be set up for assaying the enzymes at 40 to 
45°C under two or three different reaction conditions. 
In this manner, changes in enzyme structure due to  
amino acid substitution as reflected by activity changes 
and aggregation could be used in a multiparameter 
approach to  determine enzyme variants. 

Transfer of Technology 

One of the basic objectives of a national laboratory is 
to  transfer developed technology into industrial, gov- 
ernmental, and academic sectors. Consequently, we 
made a concerted effort to  provide the technology 
developed in the CFA program to interested parties. In 
the past year, representatives from at least 13 industrial 
firms, 6 governmental agencies, and 4 universities . 
visited ORNL to discuss various aspects of our program. 
In addition, members of our staff presented papers at 
several national meetings, gave seminars at several 
institutions and companies, participated in workshops 
such as the American Society for Clinical Pathologists 
(ASCP), and published results in the open literature for 
the purpose of transferring technology. Consequently, 
the miniature analyzer is now under commercial de- 
velopment, and indications are that a prototype will be 
shown at the International Symposium on Clinical 
Chemistry to  be held this summer in Toronto, Canada. 
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Fig. 9.12. Four replicate prothrombin time determinations as monitored by the miniature Centrifugal Fast Analyzer in the 
turbidimetric mode. 



10. Environmental Studies 

10.1 AUTOMAI’ED ANALYSIS OF POLLUTANTS 

Surface waters arc becoming increasingly important in 
this nation as the source of water for potable and 
industrial water systems. CharacteriLaiion of thc or- 
ganic constituents in surface waters assiimes importance 
in direct pi-oportion to the use of these waters for 
human consumption. Relatively little is known about 
the health significance of the vcry IOW concentrations 
(ppb) of stable organic and chloro-organic compounds 
found in water, although some chlorinc-containing 
constituents have been found to be carcinogenic, 
mutagenic, or t~ratogenic . ’ -~ Regardless of the soiirce, 
whe tliei- domestic, industrial, or agricultural effluents, 
atmospheric washout, runoff, or by-products of natural 
biogeochemical systems, it is imperative that identities, 
quantities, and toxicological effects of the individual 
organic constituents and pollutants bc established. Quan- 
titative infoirnation concerning these trace compounds 
and the effects of treatment processes such as chlorina- 
tion is essential for assessment of aquatic ecosystem 
effects and the ultimate effect on mankind. 

High-resolution anion exchange chromatography is 
used as the basic separations method for arlalysis of 
trace organics in various polluted waters because of its 
sensitivity and capability for ai~alyzing many low- 
rnolecular-weighi refractory organics in aqueous sam- 
p l e ~ . ~ - ~  A routine multicomponent analytical scheme 
utilizing additional ion exchange chroniatography , uv 
spectrometry, gas chromatography, and mass spectrom- 
etry is used for dcterminatioii of the chemical structuie 
of the separated unknown organic  constituent^.^ 

Effluents from Sewage Treatment Plants 

A 98-page final reports way prepared for and pub- 
lished by the Office of Research and Development, U.S. 
Environmental Protection Agency, in August 1974. As 
a result of this study, the following conclusions were 
made: 

Over 100 refractory-organic coinpounds can be 
prcscnt in effluents from municipal sewage treat- 
ment plants at ppb levels; some of these refractory 
compounds arc chlorinated under conditions that 
exist when effluents from sewage treatment plants 
are chlorinated. 
I-ligh-resolution anion exchange chroniatogi-aphy 
provides a reliable and useful tool for determining 

___.II_ l..._l....- 
1. T. F. X. Collins and C. 11. Williams, ‘“Teratogcnic Studies 

with 2,4,5-T and 2 , 4 0  In the Hamster,” Bull. Environ. Contam. 
Toxicol. 6, 559 (1971). 

2. C. L. Litterrt and E. P. Lichtenstein, “Effect? and 
interactions of Environincntal Chemicals on Human Cells in 
?‘issue Culture,” Arch. Environ. Hralth 22, 454 (1971). 

3. R. S. Pdidini, “Polychlorinated Biphenyls (PCB): Effect on  
Mitochondrial Enzyme Systems,” Hull. Enviroiz. Contam. Toxi- 
col. 6 ,539  (1971). 

4. S. Katz, W. W. Pitt. Jr., C. D. Scott, and A. A. Rosen, “The 
Determination of Stable Oreanic Compounds in Waste Effluents 
at  Microgram per Liter Levels by Automatic Iligh-Resolution 
Ion Exchange Chromatography,” Water Res. 6, 1029 (1972). 

5. R. L. Jolley, W. W. Pitt, Jr., and C. D. Scott, “High-Resolii- 
tion Analyses of Refractory Organic Constituents in Aqueoua 
Waste Effluents,” pp. 247-52 in Realisin i r7  Environmental 
Testing and Control (Proceedings of the 19th Annual Technical 
Meeting, Imtitute of En vironmental Sciences, A d i e i i n ,  Culifor- 
nia, April 2-5, IY73). 

6.  R. L. Solley, Chlorination Effects on Ofganic Consiitueiitr 
in Effluents Jrom Dottiestic Sanitary Sewage Treatment Plants, 

7. R. I,. Solley, W. W. Pitt, Jr., C. D. Scott, and M. D. 
McBride, “lktermination of Trace Organic Contaminants in 
Natural Waters by High-Rcsolution Liquid Chromatography,” 
pp. 397-412 in Froceedinps of the First Aiznun! NSF Trace 
Contaminants Confcrrncc, Oak Ridge National Laboratory, Oak 
Ridge, August 8-10, 1973. 

8. W. W. Pitt, R. L. Jolley, and S. Katz, Automated Ana1,vsis 
of Individual Rej imtory Organics in Polhited Water, EPA 
660/2-74-076, Office of Rescarch an3 Development, U.S. 
Environmental Prolcclhrl Agency (August 1974). 

9. R. L. Solley, S. Katz, J. E. Mrochek, V i .  W. Pitt, and W. T. 
Rainey, “A Multicomponent Analytical Procedure for Organics 
in Cornplcx, Dilute Aqueous Solutions,” Chem. Technol., p. 
312 (May 1975). 

OKNL-TM-4290 (October 1973). 
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rcfractory organic compounds present at low levels 
in sewage effluents and othcr polluted watcrs. 

I ti addition to uv-absorbing compounds, numerous 
oiher compounds can be detected by sulfatoceric 
acid oxidiiiietry. 

quaiititation. In addition to the identified compounds, 
more than 100 mass spectra and gas chromotography 
retention values were obtained of unknown compounds 
foiind in chromatogiaphic fractions of both primary 
and secondary scwage treatment plant el3hents. 

3 .  

I .  ‘The detection of sources of pollution, the testing of 
the effectiveness of sewage treatliient steps including 
possible tert iary steps, and the deter,llinatioll the 
,lltirllatc disposition of pollutants are obvious end 

hi,&resolu tion anion exchange cllro- 
iliatographic systems. 

Natural Waters 

The identification and quantitation of trace organics 
in various natural waters are being studied by using 
hish-resolution anion cxchange chromatography. Water 
samples from five of the six sites chosen for this 
study’ were examined. The concentrations of the 

of 

‘This research program was limited to  the adaptation 
of existing analytical systciiis for use in the deteriiiina- 
tion of refractory-organic compounds in polluted 
watzrs wiih a minimum of instrumental development. 
‘The scope of the program did not include exploiting the 
capabilities of the analyzers for detecting sources of 
pollution, tcsiing thc cffectivencss of S C W L I ~ C  trcatmen t 
plants, dctermiuiiig the ultimate fate of pollutants, or 
identifying positively all of the separated organic 
constitueii ts. 

Significant expansion is recoininended of the use of 
high-resolution liquid chromatographs with uv photoni- 
ctcrs and cerate-oxidative monitors for detcrmining 
refractory-organic compounds in industrial and othcr 
polluted waters. This can bc accomplished either by 
fabricating additional 1JV-Analyzers developed at 
O R N L  or by modifying commercially available high- 
pressure cluoinatographs. A vigorous effoit should be 
continued to deterinine the identities of the residual, 
stable organic compounds being discharged into qui-face 
waters. Also, potential hazards of these conipounds, 
particularly those that are chlorinated, should be 
evaluated. Iligh-resolution analyzers have been devel- 
oped to the point wliere they could be used by 
appropriate agencies to determine the sources of pollu- 
tion, the effectiveness of sewage treatmeilk, and the 
fatc of organic pollutants ~ a11 on a niolecular level. 
‘ I lk  effort should be closely coordinated with the 
analytical development program to take advantage of 
iiriprovements as they are made and of “feedback” 
inforination relating to problem areas that would lead 
to necessary modifications of the instruments. 

A total of 56 organic compounds were identified in 
primary sesvaigc treatment plant effluents (Table 10. l ) ,  
and 13 organic compounds were identified in secondary 
cffluents (Table 10.2). Forty-six of the constituents 
identirieil in priinruy effluents and five in secondary 
efflucnts were quantified based on a flame ionization 
detector (FID) response. Many of the constituents do 
not absorb uv light, which was the previoijs mode of 

identified coiistituents in the original water sainples 
have been estiinated and are given in rable 10.3. 
Nineteen additional uliknowiis were characterized with 
respect to gas chrvi-natographic and mass spectral 
properties. 

Effluents from Coal-Processing Plants 

Because of the high probability of coal becoming the 
major energy so(irce in the ileal future sild the 
conscquent LI iiliLation of coal for production of gaseous 
and liquid fuels, two coal-liquefaction plant effluents of 
possible environmental concci-ii were examined. T h c x  
aqueous samples were from: (1) the product separator, 
sample 12131 [dissolved organic carbon (DOG), av 
10,500 p*g/ml; pH, 9.01 ; (2) the dryer-stage first off-gas 
scrubher, samplc 12132 (DOC, av 140 pg/nil; pH, 2.8). 
Both samples were extracted with methylene chloride, 
and the extracts were examined by gas chromatog- 
raphy- mass spcctrometry. The extract of the product- 
separator sample contained a complex mixcure of a 
large number of compounds. Mass spectra were ob- 
tained for 15 constituents, of which phenol, thrcc 
cresols, three dimethylphenols, and xylene were identi- 
fied. In the less complcx cxtract of the off-gas scrubber 
sample, two niajor and several ininor constituents were 
detected by gas chromatography; oiie W ~ S  identified as 
dioc tyl phthalate by mass spectrometry. 

Analytical-scale high-resolution chromatography of 
both samples revealed numerous uv-absorbing constitu- 
ents and cerate oxidizablc compounds. Over 80 uv- 
absorbing constituents were separated from the product 
separator sample in a preparative-scale chromatographic 
run (Fig. 10.1). Six of the separated compounds have 
been identified by gas chromatographic and mass 
spectral properties of the triinethylsilyl dcrivatives of 
the compounds and were quantified based on FID 
responsc (Table 10.4). Several unknown constituents 

10. C’hein. Technol. Diu. Atinu. Progr. Rep. Mur. 31. 1974, 
ORNL-4966. 
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Table 10.1. Solublc organic constituents in primary domestic sewzge 

Consti tuenta Identification methodb ConcentrationC 
(ppb) 

Carbohydrates 
Galactose 

hlaltore 

d 

C;lucosed 

Poiyols 
t rythr i  to1 
Ethylene glvcol 
Galacitd 
Glycerinee 

Aliplratic organic acids 
3-Ueoayarabinohexonic acid 
3-Droxyeiy thropentonic acid 
2 -D~xyg lyce r i c  acid 
2,5-Dideoxypentonic a c i d  
3,4-Uideoxypentonic acid 
2-Deoxytetronic acid 
4-Deoxytetronic acid 
Glyceric acid 
4-Hydroxybutyric acid 
2-Ilydroxyisobutyric acid 
Oxalic acid 
Quinic acidf 
Kibonic acid 
Succinic acid 

Benzoic acide 
2-Hydroxybenzoic acide 
3-IIydroxybenzoic acidd 

4-Hydroxyphenylacetic acide 
3-Hy droxyphenylhydracrylic acid 

d 3-IIydroxyphenylpropjonic acid 
Phenylacefjc acid 
o-Phthalic acidg 

Aromatic organic acids 

4-IIydroxybcnzoic acid d 

Fatty acids 
Palmitic acid 

Amino acids 
Phenylalanine 
.Tyrosine 

Amides 
Urea 

Phcnolic compounds 
p-Cresol 
Phenol 

Indoles 
3-Hydioxyindnle 
Indican 

N' -Metliyl-2-pyridone-5iarhoxamidee 
d N' -Methyl-4~pyridone-3-carboxamide 

Adenosine 
Caffeinee 
1 ,7-l)iinethylranthined 

Pyridine derivatives 

Purine derivatives 

AC, CX 
AC, GC 
AC, GC 

AC, CC, M S  
AC, GC, MS 
AC, CX. MS 
AC, GC, MS 

MS 
MS 
M S 
ills 
M s 
MS 
M S 
MS 
GC, MS 
GC, MS 
AC, GC, MS 
M s 
M 5 
AC, GC, M S  

AC, GC, MS 
AC, GC, MS 
AC, GC, MS 
AC, GC 
AC, UV, GC, MF 
AC, UV, GC, M S  
AC, GC, MS 
AC, GC 
AC, UV, MS 

GC, MS 

AC, GC, MS 
AC, GC, MS 

AC, GC, MS 

MS 
.4C, G G ,  F 

AC, CC, UV,  GC 
AC, W, GC 

AC, CC, UV, GC, MS 
AC, LT, GC, MS 
AC, CC 

0.5 

5 
3 
2 
15 - -  19 

I 
4 
I 
6 
1 3  
6 
6 
5 
6 
4 
2 
50 
4 
24 

3 
2, 7 
1,40 
1 
15 52, I 9 0  
10 -22 
6,20 
10 
200 

6, 12 

50,90 
34 

16-34 

2 0 , 2 9  
6, 12 

20, 25  
10, 14 

1 3  
IO, 29-46 



Table 10.1. (continued) 

Constituenta b Iden tifica t i m  method Concentration' 
@Pb) 

Guanosinee 
Hypoxanthinee 
Inosinee 
1 -Methylxanthined 
3-Me thylxanthined 
7 - h k  th ylxanthinee 
Thcobroinined 
Uric acid" 
Xanthinee 

Pyrimidine derivatives 
5-Acelylainino-6-amino- 

Orotic acide 
Thyminee 
Uracile 

3-meth yluracild 

AC, CC, UV, GC, MF 4--28,SO 
AC, GC, MS 12  42,25 
AC, CC, lJV, GC, MS 11 -23,50 
AC, CC, UV 70 
AC, CC 
AC, CC, CC 2 , 9 0  
AC, CC 
AC, G( , MS 20 
AC, CC, UV, GC, MS 2-1, 70 

AC, CC, UV, GC 140 
AC, UV, GC, MS 2 , 5  
AC, CC, GC, MS 7 , 9  28 
AC, CC, uv, Gc. M S  16 5 8 , 4 0  

~-~ __ - .................... .......... ~ 

'All constituenls were identified in chlorinated effluents except those designated otherwise. 
bAC - anion exchange chromatography; CC - cation exchange chromatography; UV - ultraviolet 

spectrowopy; GC ~- gas chromatography on two columns; MS - inass spzctrometry; F .- fluorometry. 
'Based on uliraviolet absorbance during AC (Le., values in italics), or on flame ionization detector 

response during GC. 
"Identified in unchlorinated effluent. 
eIdentified in both unchlorinated and chlorinated effluents. 
fNo rcference spectra available. Structure deduced from mass spectia analysis. 
gIdentificd in Mill Creek Sewage Plant effluent. 

Table 10.2. Soluble organic constituents in secondary domestic sewage 

Constituent" Identification methodb ConccntrationC 
(PPb) 

Polyols 
Gly cei ine 

Aliphatic organic acids 
Succinic acid 

Phenolic compounds 
Catechol 
p-Cnxol 

3 -Hydroxyindole 
Indole-3-acetic acid 

Indals 

Purine derivatives 
1,7 4hmethylxanthine 
Inosine 
1-Methylinosine 
1 -Methylxanthiue 
7-Methylxanthine 

Pyrimidine derivatives 
5-Acetylaminod -amino-3-inethyluracil 
Uracil 

AC, GC, UV 

AC, MS 

MS 
AC, GC, MS 

MS 
MS 

AC, CC, UV 
AC, CC, UV 
AC, CC, UV 
AC, GC 
AC, CC, eTv 

AC, CC, UV 
AC, CC, UV, MS 

4 

4 

1 
20,90 

2 
13 

6 
20 
80 
6 
5 

30 
16 ,30  

'All constituents were identified in unchloiinated effluent. 
bAC --- anion exchange chromatography; CC - cation exchange chromatography; 

GC - gas chromatography; IJV - ultraviolet spectroscopy; MS -- mass spectrometry. 
'Rased on ultraviolet absorbance during AC (Le., values in italics), or on flame 

ionization detector response during GC. 



53 

Table 10,3. Soluble organic constituents in natural waters 
~ . .......... ____..- 

__I 

Identification methodb Concentration 
(PPb) 

Constituent" 

- __._- ~. 

Poly01 derivatives 
Diethylene glycol (1) 
Ethylene glycol (1) 
Glycerine ( I  I 2, 3, 4, 5) 
Inositol (1 ,2 ,  3 , 4 , 5 )  
Mannitol (5) 
Methyl-or-U-glucopyranoside (4) 
Methyl-~-D-glucopyranoside (4) 
0-Methylinositol(1, 2, 3 , 4 , 5 )  
Xylitol (5) 

Carbohydrates 

Fatty acids 

Sucrose (1 ,5 )  

Linoleic acid (1, 5)  
Oleic acid ( 1 , 5 )  
Palmitic acid (1, 5) 
Stearic acid (1) 

Amino acids 

Glycine (1) 

p-Cresol (3) 

a,@' -Dipyridyl (4) 
Urea ( 1 , 2 )  

Phenolic compounds 

Nitrogenous compounds 

AC, MS 
.4C, MS 
AC, GC, MS 
G I ,  M S  
AC, GC, MS 
AC, GC, MS 
AC, GC, MS 
GC, MS 
AC, GC, MS 

AC, GC, MS 

GC, MS 
GC, MS 
GC, MS 
GC, MS 

AC, CC, MS 

AC, GC, hfS 

hlS 
AC, GC, MS 

1 
20 
1-20 
0.4-1.5 
2 
30 
3 
0.3 -10 
1 

2 

0.7-1.2 
0.7 1.6 

0.5 
0.3-0.4 

2 

7 

4 
>4 

'Constituents were identified in samples taken from sites designated by the 
numbers in parentheses: ( I )  Lake Marion, (2) Fort  Loudoun Lake, (3) Holston 
River, (4) Mississippi River, ( 5 )  Watts Bar Lake. 

'AC - mion exchange chromatography; CC - cation exchange chromatog- 
raphy; UV .- ultraviolet spectroscopy; GC - gas chrumatography; MS - mass 
spectrometry. 

Table 10.4.. SQIUM~ organic consfituents in the aqueous product separiltm 
sample fiom a cod-ehan oil conversion plant 

Constituent 

Catechol 
3-Methylca tech01 
4-Methylcatechol 
Oricinol 
Resorcinol 
2-Meth ylresorcinol 

Concentration (mg/liter) 

F l l ) ~  Enzyineb Preparative Analytical 
......... - ~..___ ~ ......... 

ACC ACd 

660 5 60 3600 2000 
170 
110 
120 380 500 
220 790 1000 
14 100 10 .15 

'Rased on flame ionization detector responsc during gas chromatography. 
'Analyzed by B.  Z. Egan using a catechol specific enzyme technique. 
'Based on the uv absorbance of the preparative-scale chromatographic peak. 
dBased on the uv absorbance of the analytical-scale chroinatographic peak. 
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Fig” 10.1. Chroxndtograrn of uv absorbing constituents in the prodltct separator sample (sample 12131) of a coal-char oil 
p~occsmg pla7t. 

were also characterized with respect to molecular 
weight, mass spectra, arid gas and liquid chromatog- 
raphic elution characteristics. 

ess effluents for identificatioii o f  chlorinated organic 
compo~inds and for detcrminatioil of biotoxicity is 
being applied in this invcstigation.’ 3-1 

10.2 ENVIRONMENTAL EFFECTS 
OF ANTIFOULANIS 

In contemporaiy technology, chlorine is thc principal 
biocide for removal of biological surface films in the 
cooling systems of electrical power-producing plants.’ 
Removal of films is required to maintain a high 
production efficiency. Chlorination of waters contain- 
ing low concentrations of organics with ppni chlorine 
concentrations may result in the formation of chlorine- 
containing organic coinpouiids.6 ,’ Consequently, the 
practice of chlorinating cooling waters is being evalu- 
ated with respect to the possible formation of chlori- 
nated organics. The methodology developed with proc- 

11. J. 1~:. Dralry, The Trentrfimr of Coohg  W i i t e ~  wirh 
Chlorirze, ANL/ISS-I2 (February 1972). 

12. R. L. Jolley, “Chlorine-Containing Organic Constituents 
in Sewage Effluents,” J. Wutcr Pollut. Control Fed. 47, 601 
(1 975). 

13. C. D. Scott et al., Exxpcriinental Eqinecririg Secr. 
Ser:?iuiiiiu. Progr. Rep.  Mur. I to Aiig. 31, 1974. ORNL-TM- 
4777 (July 1975). 

14. C. W. Cehrs, L. D. Eyman, K. L. Jolley, and J.  E. 
l’hompsnrr. “Effects of Stable ChlorineContaining Orpanics on  
Aquatic Environments," ~Vutu rc  249, 675 (1974). 

15. C. U’. Gehrs and R .  L. Jolley, “Chlorine Containing 
Stable Organics: New Compounds of Environmental Concern.” 
Proceedirigs of the 19th Congress of the Iizierrmtidtinl Associa- 
tion of Limnology, Winnipeg, hfuiiiroba. August 22-29, I974 
(in press). 
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Over 5 0  chlorine-containing organic constituents were 
separated from a sample of Watts Bar Lake water that 
had been chlorinated to  a 0.5-ppm chlorine residual. 
The constituents were separated and detected using the 
coupled ’ C1 tracer---high-resolution chromatographic 

The radioactivity chromatogram was 
quite similar to  that obtained for effluents from a 

16. R. I>. Jolley, “Determination of Chlorine-Containing 
Organics in Chlorinated Sewage Effluents by Coupled 36Cl 
Trace--~I-Iigh-Resolution Chromatography,” Environ. L e f t  7, 
321 (1974). 

secondary sewage treatment plant which had been 
chlorinated in a like manner (Fig. 10.2). 

After a detailed examination of the experimerital 
results, the major conclusion was that the yield of  
chlorination associated with chloro-organics is about 
0.5% of the chlorine dosage for reaction conditions 
similar t o  those at the Kingston Steam Plant. With an 
estimated 50,000 t o  100,000 tons of chlorine being 
used annually in cooling waters, several hundred tons of 
chlorinated organics are produced annually by chlorina- 
tion antifoulant treatment of cooling systems, even a t  
the low-reaction yield determined in this study. A s  the 
national production of electric power increases, this 
quantity can be expected t o  increase proportionately. 



11 . I  ENZYME-CATALYZED PRODUCTION 
OF HYDROGEN 

A previous report' discussed a cyclic proces? for 
producing hydrogen (and oxygen) from water, using 
sodium dithionite as a reducing agent and ferredoxin 
and hydrogenase as catalysts. This process involves two 
reactions: 

fe r redoxin  
hy d I o genase 

Na2 S2 O,, t €I2 0 H 2 t Na 2 s 2 o x  > 

However, a problem has been encountered in the 
thermal regeneration of the dithionite, namely, that 
heating tile higher oxides, such as N a 2 S 2 0 5  and 
Naz S2 06, produces SO2.  Of several possible alternative 
reductants tried, sodium pyruvate appeared t o  be the 
most promising. Therefore, the rate of hydrogen pro- 
duction was measured as a function of pyruvatc 
concentration, solution p11, and temperature, arid the 
results were compared with those obtained with sodium 
dithionite substrate. 

A s  with sodium dithionite substratc, hydrogen pro- 
duction is inhibited at higher py'yruvate concentratioiis.2 
'The optimum pH for hydrogen production rate is 6.5 to 
6.7, which is similar to  that observed with sodium 
dithionitc substrate (Fig. 1 1.1). 

The initial hydrogen production rate increased with 
increasing temperature over the range 25 to 50°C; 
however, after about 1 hr at 50"C, the rate decreased 
considerably. Similar behavior was observed for dithio- 
nite, indicating possible enzyme degradation a t  50°C. 
However. the data obtairied from initial rates can be 

I_ ........_...... ~ 

1. Chem. Teechnol. Diu. Annu. Prop-. Rep. Mar. 31, 1974, 
ORNL-4956, pp. 47-48. 

2. C. D. Scott et al., Experimental Engineerirzg Sect. Serni- 
annu. Prop. Rep. Mar. 1,  1974, to Aug 31, 1974, ORNL- 
TM-4777 (July 1975). 

correlated in a plot of hydrogen production rate vs 1/T 
(Fig. 11.2). The apparent activation energy (1 1.5 t o  
12.5 kcal/mole) obtained fi-om such a plot is similar for 
both dithionite and pyruvate substrates. 

Under optimum conditions with a fixed amount of 
enzyme, the initial rate of hydrogen production with 
dithionite was greater than that with pyruvate. How- 
ever, the maximum amount of hydrogen obtainable 
from dithionite was reached after about 2 hr; the yield 
was 0.21 mole of H2 per mole of dithionite. 'The 
pyruvate, on the other hand, continued t o  produce 
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Fig. 11.1. Optirnum pK-I for hydrogen production compared 
for sodium dithionite and sodium pyruvate. 

57 



58 

ORNL DWG 7 4 - B O O O R I  

-7 ................. ~ r 

- 
E 

2070G- 
. 
- 
E 
E 0800- 
E - 
w 
$ 0900-  0 S O D I U M  DITHlONlTE 

0 
0 

0 SODIUM PYRUVATE 

7 1000- - 

t 1.100 

L .......... L ......... I I- 
3000 3.100 3 200 3 300 

I O O O / T  
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hydrogen even after 5 hr, reaching a final yield near 
0.91 mole of H2 per mole of pyruvate (Fig. 11.3). In 
either case, the initial rate of hydrogen production can 
be increased considerably by increasing the enzyme 
concentration. 

During this report period we investigated the pnssi- 
bility of immobilizing the ferredoxin-hydrogenase 
enzyme ~ y s t e m , ~  using a cell extract containing both 
ferredoxin and hydrogenase without further separation 
or purification. In various experiments we succeeded in 
trapping the enzymes in polyacrylamide gels by in- 
ducing polymerization of the monomer in the presence 
of the enzyme extract. Quantitative comparison of the 
activity of the gel-entrapped enzymes with that  of the 
free enzymes is complicated by the difficulty of 
measuring the enzyme concentration in the gel. Never- 
theless, none of the gels we prepared appeared to  give 
more than 1% of the hydrogen production rate oh- 
served for the free enzyme. However. the immobilized 
enzymes remained active for several days; the hydrogen 
production rates obtained by addition of fresh dithi- 
onite after several days compared favorably with those 
obtained initially with the freshly prepared gels. 

3 .  C. D. Scoit et a]., ExperimPiitiil t n ~ n e e n i z y  Sect. Semi- 
annu. Plop.  Rep. Sept. 1, 1974, to Mar. 31 1975, OKNL- 
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11.2 BIOWACTOK DEVELOPMEN'L' 

Three types of reactors are being studied as potential 
bioieactors: ( 1 )  continuous stirred-tank reactor 
(CST'R), (2) packed-bed reactor (PBR), and (3) tapered 
fluidized-bed reactor (TFBK). 

Since an activated sludge unit, a CSTR, is the system 
most coiiinronly used today to process polluted waters, 
it was chosen as our baselinc processing scheme for the 
investigation of phenol removal from waste streams. A 
mall,  activated sludge unit with a capacity of approxi- 
mately 3 liters was assembled with a Lucite reactor and 
a standard Imhoff corn as the settling tank (1-liter 
volume). In this system, an air lift recycles settled 
sludge froin the bottom of the settling cone to the 
reactor, and excess sludge is removed manually. The air 
diffuser is a stainless steel pipe, with several small holes 
in line longitudinally, which is inserted through the wall 
of the reactor so that it extends across the entire width 
of the reactor. The air bubbling from this pipe aerates 
and mixes the fluid in the reactor. 

A typical growth and pI1-vs-time curve for Tricho- 
sporon cutnneurn is sliown in Fig. 11.4. The pH was 
recorded continuously and adjusted manually. Note 
that the slope of the pH-vs-time curves increases as the 
cell concentration increases. To date, the niaxinnum 
pkrenol utjlization has bcen 0.1 millimole of phenol per 
liter of reactor volume per minute. 

A s  indicated by the curves in Fig. 1 1.4, a significant 
variation in pH occurs during active growth of the 

O R N L  D W G  74--10123R1 
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yeast, making pI.1 control difficult. To alleviate this 
situation, a pH controller was added to the activated 
sludge unit. This unit worked satishctorily, eliminating 
the need for manual pII adjiistment. Bccause the 
mixture became acid during growth, ammonium hy- 
droxide was used to adjust the pH via the controller. 

The CSTR operates on a continuous fecd basis. For 
our preliminary work, growth medium (minus thia- 
mine) plus phenol at a concentration of 0.05 M was 
used as the feed solution. The volumetric flow rate of 
the feed was adjusted so that the phenol concentration 
in the reactor did not exceed 0.005 M. With a reactor 
volume of 2.25 liters, we were able to maintain flow 
rates of 75 ml/hr. Unfortunately, the yeast did not 
form a good settleable sludge, and even with ihe settling 
cone, much was lost in the efflucnt. With a flow rate of 
50 ml/hr, all phenol was removed froin the feed, and 
the yeast growth vias sufficiently rapid to maintain an 
essentially constant bioniass in the reactor. 

Packed-Eed Reactor Studies 

As an adjunct to the CSTR studies, 8 PRK was ret up 
as a test reactor for phenol removal. The I-in.-TD by 
3-ft tubular reactor was packed with 'I4-in. Berl saddles 
and seeded by filling i t  with a suspmsion of yeast in 
nutrient solution. Air and feed solution containing 500 
ppm of pheirol passed upward through the column. 71ie 
feed pump was initially adjusted to deliver approxi- 
mately 45 rnl/hr, while the phenol concentration in the 
effluent was monitored intcrniittcntly to check for 
phenol breakthrough. 'The feed rate was increased daily 
until breakthrough occurred. As liie biomass increased, 
the maximum feed rate increased until, ultimately, a 
feed rate of 240 ml/hr could he maintained without 
breakthrough. The ais flow rate was maintained at 440 
nil/min. 

Start-i.rp and routine operaticin of this reactor have 
been trouble-free. Start-up proceeded smoothly, with 
growth plus attacbmcnt exceeding washout. Thus, a 
vjsjbk, stable biomass quickly formed at the lower end 
of the reactor and slowly increased in height tintil it 
filled the reactor. Yet, significant occlusion of packing 
voids or gmeral bioniass fouling did not occur. The 
shear developed by the high flow rate of air through h e  
reactor should help to minimize the occlmioii by 
excessive biomass. 

Air distribution througlillout the reactor is fairly good. 
A cylindrical glass frit is used to sparge air into ihe 
bottom of the coluinn; however, the packing appears to 
augnent the rapid coalescence of the sm.all bubbles. 
The problcnis involving air-liquid. contact arid dissdved- 
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oxygen availability obviously demand considerable 
attention. An oxygen probe will be used to aid in this 
investigation. 

Tapered Fluidized-Bed Reactor 

A TFBR is a special adaptation of fluidized-bed 
technology which appears to be especially suited for 
bioreactor operation. A TFBK can be used as a 
bioreactor for viable bacteria or yeast systems where 
the host is either self-attached, chemically bonded, or 
entrapped, and also for any type of immobilized 
enzymatic system. The use of a TFBR as a bioreactor 
for denitrification of nitrate in waste streams was 
investigated. Using anthracite coal as the bed material, 
we obtained a maximum removal rate of 5 moles of 
NO3- per hour per liter (volume as settled packing 
volume), based on a feed stream concentration of 
approximately 9 moles of NO3- per hour and a 
residence time of 1.2 hr. 

The use of contained microorganisms for chemical 
conversion of a feed stream to produce useful products 
or to eliminate pollutants can be accomplished by the 
use of a TFBR as a bioreactor. A TFBR has an included 
angle of 1 to 4"; this degree of taper provides a 
decreasing linear velocity with increasing column 
height. Such an arrangement gives a stabilizing effect 
became the top of the bed is more dense. thereby 
eliminating any tendency for the bed to spout, even at 
high flow rates? where the bed is very dilute (90%void 
volume). Thus, the TFBR has desirable hydraulic 
characteristics that allow i t  to operate over a wide range 
of flow rates in a stable fluid-bed mode. 

Thc TFBR also has a number of attractive biological 
characteristics. The micromovement of the stable fluid 
will grind off layers of bound bacteria which, under 
normal fixed-bed operation, would bridge from particle 
to particle, thereby filling the void, decreasing the 
available flow area (50 to 80% void volume at typical 
fluidization flow rates), and restricting the availability 
of all of the bound bacteria to the feed stream 
cheinicals. Many fluidizahle materials can be found that 
are compatible with microorganisms. Bacterial compati- 
bility is linked to a number of physical and chemical 
properties, such as size, porosity, surface texture, 
chemical positioning, and solubility. The TFBK is a 
completely closed system; thus. air can be easily 
excluded for strictly anaerobic operation. Seeding the 
bed with a bacterial suspension by recycle is easily 
accomplished. 

The TFBR equipment (Fig. 11.5) consists of (1) a 
tapered glass column 42 in. long, 1 in. in diameter at 

the bottom end, and 3 in. in diameter at the top end; 
(2) a feed tank and feed puinp; and (3) a top gas-liquid 
separator followed by a solid-liquid separator. A 
tapered fluidized-bed section was fabricated from a 
3-in. section of glass pipe by forming on a tapered 
carbon mandrel. The total length of the reactor is 42 
in.; its capacity is 2349 rnl. The angle of the taper is 
0.68" from the pipe center (i.e., an included angle of 
1.36'). Ihe gas at the top of the fluid bed is water 
sealed and is vented through a wet-test mcter for 
volumetric measurement. Solids that overflow from the 
fluid bed are iecovered in settling chambers which can 
be drained when necessaiy. 

Design Equations for Biological Reactions 

For an ideal plug flow reactor, the design equation is 

where X is the percent conversion, So is the substrate 
concentration in the feed, and t is the residence time. 
For Michaelis-Menten (M.M) kinetics, the reaction rate 
is 

ORNL DWG 74 -10120RI  
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Tlius when M-M kinetics are applicable, the design 
equation becomes 

For a product-inhibited reaction. the rate equation is 

and the design equation becomes 

In either case, plotting t / X  vs In ( I  - x ) / X  should give a 
straight line. 

For a substrate-inhibited reaction. the ratc expression 
is 

aiid the design equation becollies 

which i s  not very amenable to a linear analysis. 

CESS DEVELOPMENT 

PlnenoA Kemoval 

The CSTR was uscd to determine the maximum 
conversion rate of phenol for a given fced concentration 
and to investigate the stability of reactor operation at 
maximum conversion. With the reagent concentrations 
in rise, the limit of detectability of the phenol assay is 
about 10 ppin of phenol; thus the maximum rate of 
removal is deteriiiined for a phcnol concentration of 
approximately I O  ppm in the reactor. Microbial concen- 
tration and phenol removal rates from a feed stream 
containing 2500 ppm of phenol are shown in Figs. 1 I .6 
a n d  11.7. Significant drops in microbial concentration 
at the middle and end of October 1974 were due to cell 
washorit resulting from excessivcly high flow rates. We 
found that residence times of less than 20 hr would lead 
to a net cell loss from the reactor; that is, cells were 
being washed out of the reactor at a greater rate than 
they were being generated. Siiice the biornas? never 
formed a good settleable sludge, sludge recycle was not 
effective in maintairiing a constant concentration of 
biomass as the residcnce time decreased. Although some 
biomass recycle was effected via thc clarifier, the 
microbial concentration in the effluent from the clari- 
fier rarely decreased to less than half that in the reactor. 

When washout commenced, the pumping rate was 
decreased until the microbial concentration stabilized, 
then slowly increased until phcnol was detected in the 
reactor. Washout occurred twice during October 1974; 
in each case, the residence time decreased below 20 hr. 
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Fig. 11.7. Operating history for the packed-bed reactor relative to phenol removn: rate. 

The maximum flow rate the reactor could accommo- 
date was 127 ml/hr. 

Toward the end of November a malfunction occurred 
that caused the reactor to be without feed for one to 
iwo days. The performance of the reactor decreased 
noticeably after this period. Microscopic examiriation 
of tile reactor biomass showed that the yeast popula- 
tion diminished to undetectable levels within a weck 
after the malfunction. The bacterial population that 
had established itself in the reactor continued to 
degrade phenol; however, neither the biomass concen- 
tration nor the rate of removal of phenol could be 
increased to their former levels. ‘Thus, during Decembei-, 
the reactor was shut down, cleaned, and rcsceded with 
fresh Trichosporon cutaneum. 

This work illustrates that, for biological oxidation of 
phenolic wastes i!i a stirred-tank reactor, thc reactor can 
be operated quite well near the rcsidencc time at which 
cell washout begins. Table 1 1 . 1  compares the perform- 
ance of our reactor with that of Bethlehem Steel’s 
pilot-plant system for phenolic waste treatiirent. 

As described in the previous section, a packed-bed 
reactor was investigated for use as a bioreactor for 
removing phenol. Its performance with respcct to 
phenol removal for the first 1 .S nioiitlis of operation is 
shown in Fig. 11.8. At the end of this report period, the 
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Fig. 11.8. Performance of the packed-bed ~enctor with 
respect to phenol removal for the first 1.5 month5 uf operation. 

reactor was being operatcd with a residence iirne of 
1.12 hr .  Pheiiol was not detcctable in the effluent; 
however, since phenol breaktlirough had occurred a few 
days previo~sly at this sainc residence time, we assumcd 
that the maximum throughput of the reactor was being 
approached. 



1 able 18.1. Comparison o f  ORNI. phenol degradation 
studies with those made by Sethlcheni Steel 

Results of studies made by 
Pal arne t e r 

Bethlehem Steel OKNl  

. -  1 h L 1 S  Il;c ihcurei ical oxygcn r.xpi 
oxygen pet- miiijgr 
containing 500 ppm (of phe id :  tfi:: $2 

would be 1190 ing of oxygen per liter, which IS 

equivalent to 4.45 liters of air per liter of solution. In  
practice, ihe actual delivery rafe w<jdd be significantly 
in excess uf the stoicliit.inietric requirenienls. Ttiis high 
air-flow r n t c  is expected to  disrupt plug flow charac- 
teristics in the reactor, contributing to a significant loss 
it1 slagewjse efficiency. This loss will be studied 
experi!nental?y. 

Denitritiicatisn Tests 

Low-level aqueous nitrate waste streams (500 to 5000 
ppm of  NO3- after acid recovery) that may contain 
suiall concentrations of alpha erriitlers are generated at 

A installations where large volumes of nitric acid 
are used during the processing of uranium. Frxious 
regulations prevent this waste from being discharged 
directly in to the environment becatise nitrate con- 
tributes si@ ficantly to high rates of eutrophication. 
and alpha emitters ;uz undesirable coritariiinarits. We are 
interested in the removal of nitrale froin such streams 
via biological processes. Since there ate microorganisms 
that can remove nitrate under anaerobic conditions, we 
are attempting to utilize controlled bacterial denitrifi- 

cation in a biorcactor to eliniioatt: iiitrale f r o m  lest 
solutions. 

Two series of tests were performed in the TFBK 
described, using about 530 1111 (-400 g) of settled coal 
per test. 'b'he size of the coal used i n  the first series wa 
--65 +SO mesh, while that used in the second series was 
-. 200 +375 mesh. The surface areas of the two sizes of 
coal are 3.2 m2/g and 58.6 m 2 / g  respectively. /5.ftcr 
fines had been removed from the 'TFI<R by flushi.ng 
with w:il.ex ;It rnaxjmuni anticipated operating flow 
rates, the feed solution containing nitrate (Table 11 2:) 
and seed bacteria was introduced into the systetn. 
Methanol was adcled to supply llie necessary carbon for 
bacterial growth ; however, cheaper sources o f  carboo 
could be substituted. Nitriite served as the tei-minal 
electron acceptor for the bacteria in the anaerobic 
reactor environment; its presence in the feed stream 
resulted ia the evolutior? of nitrogen gas and a very 
small amount of CO.? gas by the bacieria. The effluent 
was recycled for two to four days, at which time the 
bed started to discharge nitrogen gas. 

yed successfully with the use 
of a nitrate ion specific electrode. One variable not 
measured was the amount of bacieria attached to the 
coal (.reactor biomass); no satisfactory method has been 

The n i h t e  ion was 

Table 11.2. Composition of feed solution for tlie 
denitrification bioreactor 

Compo,ition Component Concentration 
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found that will measlire the total weight or volume of 
biomass in the reactor. However. we expected that the 
amount of biomass would remain fairly constant once 
steady-state operation was achieved. If the layer of 
microorganisnis on the coal beconies too  thick, the 
abrasive action of the fluidized bed will remove it. The 
loose biomass will wash out  of the column iinder the 
appropriate hydraulic conditions. 

Test with 65mesh coal. The fluidized-bed test with 
65-mesh coal was operated continuously for 40 days. 
The outlet flow rate to  the drain was 12 to 90 ml/min 
(90 ml/rnin = residence time of 24  niin). An internal 
(recycle) flow rate up  t o  180 ml/min was used to  attain 
fluidization velocity. The maximum velocity a t  the 3-in. 
section was 0.0022 fps. 

During the test, a few particles that appeared to  be 
clumps of bacteria were flushed from the column. No 
signs of bed material agglomeration were evident during 
the testing period. 

The nitrate input varied from 4 to 36 g-moles of NO3- 
per hour. The nitrate reinoval varied from 1 to 4 

g-moles of NO3- per hour; during the major portion of 
the test. the removal rate was approximately 2 g-moles 
of NO3- per hour. The off-gas composition was found 
to be greater than 99% N2 by gas chromatography; tile 
remainder was probably C 0 2 .  

Test with T,CRO.-mctsh coal. The fluidized-bed test with 
200-mesh coal extcnded over a period of about 38 days. 
The fluidization flow rate before bacteria were ilddcd t o  
the col imn was aboirt 21 ml/min or 0.00028 fps; the 
calculated fluidization velocity was 0.00034 fps. The 
height of the fluidized bed decreased with time. 
indicating that the bacteria caused the effective size of 
particles t o  increase. The agglomeration of particles was 
confirmed by microscopic examination. 

The average use rate was about 3 g-moles of N03-per  
hour ( 1  to 5 g-noles/hr). The volumetric gas rates, 
when converted to moles of NO3-, agreed well with the 
denitrification rate?. On the basis of this run. we 
conclude that small amounts of the bed should be 
withdrawn and cleaned periodically to minimize par- 
ticle agglomeration and maintain steady-state operation. 



12. Coal Technology Program 

12.1 ~ Y ~ K ~ ~ ~ ~ ~ Q ~ ~ ~ A ~ ~ ~ ~  RESEARCH 

Ilydrucarbonization i s  an important type of coal 
liquefaction process that c:ornbines low-temperature, 
high-pressure, and fluidized-bed operation using hydro- 
gen-rich gas for fluidization. The hydrocarbonizaiit,Ii. 
process can produce liquid fuels, desulfurized char, and 
substitute natural gas. The relative yields of 1 tiese 
products can be controlled. The char is suitable for use 
without slack-gas treatment in fluidized-bed or travel- 
ing-grate boilers. The liquid fuels include naphtha, Light 
gas oils, and heavy gas oils. Conditions for hydrocarbon- 
ization include temperatures up to 1500°F ; ~ n d  
pressures up to 150 atin, bu t  optimum conditions may 
be significantly milder. 

A thorough review and evaluation of  existing informa- 
tion in the literature on hydrocarbonization and 
carbonization (low hydrogen pressure) processes have 

1.  J.  M. Iiolrna, H. D. Cochran, Jr., M. S. Edwards, D. S. 
Joy, and P. M.  Lantz, Ifydrocuuborzizution Research Phuse E 
Report: Review atid Evuluution of‘ Hydrucurbonizution Dura, 
OKNL-’T‘M4835 (Ailgust 1975). 

been completed, and a sumniary report’ has been 
prepared ant1 submitted for approval by ERDA -- Fossil 
Energy. 

The esperiruental. development effort progressed 
significantly in two areas. Lucite models of a recirculat- 
ing fluidized-bed concept were tested over a range of 
conditions. These results contributed to the design o f  a 
bench-scale liyd rc~arbonization reactor. A high- 
temperature experimental system was designed and 
built, and operations were shrted. This system perinits 
relatively rapid arid inexpensive testing of  various 
components of the bench-scale liydrocarbonizer ;it 
a lmosptieric pressure. 

The bench-scale Iiydrocarboonizer is in the design 
phase. The conceptual desigrr includes the following 
objectives: ( I )  coal feed rate of about 10 Ib/hr, (2) 
pressure vessel design for 350 psig and 125Q°F, arid ( 3 )  
gas superficial velocities of up to 2 fps in the reactor. 
The 4-in. nominal pipe size reactor shown in Fig. 12.1 
was designed to permit demonstration of the recirculat- 
ing fluidized-bed concept ou the sniallest practical 
engineering scale. 
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12.2 SEPARATIONS ‘L’ECHNQLCGY 

Exarniriation of the overall solids-liquid separation 
problein involves consideration of four basic steps: 
pretreatment, solids concentrations, solids separation, 
and posttre::tn:crii. The number of steps required for a 
given separation depends on the characteristics o f  the 
stream to be processed ;iiid the specifications for tile 
emuent  from the seprxt ions section. Large variations 
exist. both iil the coal liquefaction process streams and 
in the degree of separation required. Thus the solids- 
liquid separation scheme must be tailored to  spccifii. 
processes. Howevcr, a number of conditions are com- 
mon to  all conversion processes: high pressure. high 
temper;!ture, high viscosity. small (co1loid;rl) particles, 
aiid liquid phasc as the more valuahle product. These 
properties were used in choosing separation schemes fo r  
more-detailed study from the many properties available 
iii the broad field of solids-liquid sepzrations. 

I’he initial experiments, vihich began January 15, 
1 9 i 5 ,  were limited to  pretreatment teclmiqms ~~ 

principally agglomeration and solvent extraction. 
Studies of methods for concentration (hydroclones) 
a i d  solids separation (precoat filtration, centrifugation) 
are planned for the corning year. 

Solvent Extraction of CQES:! 
Unfiltered Raw Oil 

‘The Char Oil Energy Cevelopment (COED) process 
1x1s been developed through the pilot-plant stage by the 
FMC Corporation. There is a need for an improved 
solids-liquid separation scheme for the COED unfiltered 
raw oil (UFO). The relative abilities of several solvents 
to  extract solid material from COED iJFO are presented 
in Table 12.1. Rcsults are listed in decreasing order of 
ability to dissolve the oil phase and to reduce the solids 
content. 

The agglomerating tendencies of the solids in the 
presence of solvents were paiticularly noted. Figure 

Table 12.1. Solvent extrnction of an unfiltered oil 
from the COED process 

__ . . .  - __ ...... . - .. ..-___. - ........ 

Solvcn t Rank 
Hcauy phase/UI’O 

(weight ratio X 100) 
.......... I_̂  

Quinolioc 1 3 
Tetrahydrofuran 2 a 
Pyridine 3 6 
Acetone 4 6 
Toluene 5 14 
Xylene 6 19 
Benzene I 19 
- ...... . 

12.2 shows solids from UFO, and Fig. 12.3 shows the 
latter stages of an agglomeration produced by  toluene. 
[Jnlike the UFO, nearly all particles are associated and 
the area between agglomerates is relatively clear. dn the 
initial stages of agglomeration, siiiall “bridges” of 
submicron parilcles covereti with an oil solution are 
lined up t o  facilitate ?he transfer of liquid and particles 
from one agglomerate to another. 

111 the two-phase system of‘ unfiltered raw oil 
tetrahydrofuran (UFCTHF), three categoiies of parti- 
cles tended to collect a t  the interface: those that 
remained in the oil-rich phasc. those that remained in 
the ‘T’MF-rich phase; and those that collected at  the 
interface. During dissolution by  quinoline, inany small 
particles tei-ided to  agglomerate and float t o  the top of 
the film. ‘The larger particles remained m a r  the buttoin 
and ”’pie well dispeised. Both pyridine and ininera! oil 
p ioduced less-p 10 no i i n c  ed aggloinerat ion; however , it 
was significant enough t o  waicsnt fiurther studies at 
other concentrations 

Further- tests of the agglomerating tendcncieq of 
solveriis in wrlZ-i7zixed disperszoiis with UFO showed no 
flotation or interface effect. Ifowever, the agglorner3t- 
ing effect in !he presence af  toluene w % s  still cvidciit. 
R e n ~ e n e  and xylene insolubles were agglomerated S i l k l J -  

larly to  the toluene insolubles. The iarge agglomerates 
i r i  the latter cases suggested that solvent extraction 
followed by settling or centrifugation might be a viable 
separation scheme. Initial settling rate rneasureineiits 
were promising, but the econom-ics vzould depend on 
the solvent recovery step and on the degree to which 
the inorganic sulfur accumirla.ted in the heavy phase. 
Preliminary studies using the electron microscope indi- 
cated that most of the pyritic sulfur was in the heavy 
phase. 

Particle Size Dist&ution of 
I-I-Coal Solids 

Particle size distributions were dctcrmined on  a 
sample of filtered solids from the H-Coal process of 
Ilydrocaiboil Research, Inc. One of the objectives in 
the initial particle size detcrrnination was to evaluate 
available techniques for sizing colloidal particles from 
coal liquefaction streams. M - C d  streams have proved 
to  be among the most difficult t o  filter: thus they 
provided a severe test. The sizes of the particles, which 
were too small to be measiived by  either an optical 
microscopc or a Coirlter counter, could be determined 
only by using the electron microscope. One-half of the 
total numbei- of particles had sizes of less than 0.1 1 p 
while one-half of the total sample solids volume was 
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Fig, 12.2. UFO tiom the COED process. Magnifkalion, 1 0 0 0 ~  I 

composed of paiticles smaller than 0 98 ,u lirr-filteied 
material from the CQbD procxts or from the Solvent 
Refined Cod1 process, dcveloped by Spencer Chemicals, 
i s  not expected to contain as many srilall particles 
Opticdl riiicrosLope results h o w  3 much broader par 
rick size distribution for the COED mdterial, the sues 
of a significant portion of the paiticles are dbove 10 1-1. 

Identification of Pyritic Sulfur in 
COED Unfdtered Oil 

The size range of part d e s  containirrg 
important. Different methods of separation 

sullbr is 
would be 

indicated, depending on whether the sulfur wx; present 
principally in the larger ixxticles or in the smaller 
particles. It  is also irnporiatit to determini: whether the 
mineral matter goes to the heavy phase of ii solverit 
fractionation. A qualitative evaluation tising an optical 
microscope with polarized light indicated that tnost of 
the pyritic su lhr  was associated with the smaller 
particles. 

Chemical analyses were made o f  UFO .md filtered oil 
fiom tlie COED process. Significant observ~ tioris were 
aS follows: 
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Fig* 12.3. UFO from the COD process with toluene added. MdgnifiLation, 1 OOOX . 

' The carbon/hydrogen ratio decreased slightly with 12.3 EXF'ERIMENTAL ENGINEERING SUPPORT 
filtration, indicating that highly unsaturated hydro- 
carbons were removed with the solids. 
Much of the ash (inorganics) was removed by  
filtration. 
The amounts of the following dements  were 
significantly reduced by filtration: aluminum, 
boron, calciiim, chlorine, potassium, manganese, 
sodiurn, and nickel. 
The amounts of the following elements were signifi- 
cantly increased by filtration: iron, magnesium, 
silicon. strontium, and vanadium. 

OF AN IN SITU GASIFICATION PROCESS 

Experimental engineering support of the Lawrence 
Livermore Laboratory (LLL) in-situ gasification project 
was initiated by the USAEC Division of Applied 
Technology (USAEC-DAT). Early efforts were directed 
toward high-temperature desulfurization of the 
gasification product strenm using molten-salt 
techniques. Subseqiuent ilicetings with LLI, and 
USAEC-DAT representatives, however, revealed 
significant information gaps associated with the 
chemical reactions and fluid-flow patterns which will be 
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encountered underground. Therefore, the work, now 
funded by ERDA --- Fossil Energy, has been redirected 
to include more urgent studies of pyrolysis of large coal 
blocks and pyrolysis in large-diameter beds. 

The LCL in situ gasification concept requires that 
deep, thick coal s e a m  be fractured by using chemical 
high sxplosives. After fi-acturing, oxygen and steam will 
be piped to the top of the seam lo feed a flame front 
that will move slowly down through the bed. Within a 
narrow band, wtich includes the flame front, coal will 
be combusted and gasified. Ahead of this reaction zone, 
coal will be slowly pyrolyzed. Product gases will then 
penelrate the frdctuted coal seam and be recovered 
from the bottom. 

Most pyrolysis studies have been confined to the 
heating of small, finely ground samples of bituminous 
coals. Explosive fracturing, however, is likely to pro- 
duce large blocks o f  coal thal will not necessarily 
behave as powders during pyrolysis. A block pyrolyzer 
was constructed for initial experiments that utilize 6- 
by 6-in. right circular cylinders machined from large 
blocks of subbituminous coal and instrumented with 
tliermocouples. Figure 12.4 i s  a schematic representa- 
tion of the block pyrolyzer. 

One objective of  early experiments on instrumented 
coal blocks was to determine bulk-heat transfer proper- 
ties during pyrolysis. The effer;ts of an adherent ash and 

F U R N A C E  
C O N T R O L  

B L O C K  THERMOCOUPLES 
THERMOCOUPLE 
C A B L E  I N L . F T \  f 

of the nonisotropic naiure of the material will be 
exatnined in later tests. 

Experiments in a deep-bed pyrolyzer with ii niovirig 
furnace will more closely sirnulate in situ pyrolysis. A 
reactor 8 in. in diameter by 8 ft long will be half-filled 
with coarsely ground coal; a porous, ceramic packing 
material will be used to fill the remainder of the 
reactor. As the furnace moves down the length of the 
reactor, nitrogen will be used to sweep gaseous products 
into the treatment arid arialysis u n i t  built for the block 
pyrolyzer. Both axial and radial temperature profiles 
will be measured. Tars are produced, condensed down- 
stream of the furnace, and revaporized; therefore, gas 
yields may be higher as a result of tar cracking. 
Construction of the reactor was completed in early 
January 1975, but inslallal.ion i n  the laboratory has 
been delayed. 

Health hazards posed by carcinogenic cornponeti ts of 
coal-derived liquids were evaluated, and a formalized 
description of both the underlying safety philosophy 
and the operational procedures governing the conduct 
of work in the Experimental Engineering Section was 
prepared. This preliminary document was issued as an 
internal memorandum, pending formulation of Libora- 
tory-wide safety procedures. Comprehensive area and 
personnel monitoring programs are being impleaiented 
in cooperation with the Wealth Division. 
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13. Actinide Oxides, Kitrides, and Carbides 

13.1 ESTIMATION OF 
THERMODYNAMIC DATA 

4 method was developed t o  estimate C-ibbs free 
energy functions (fef) from 289 t o  2000°K for many 
types of crystalline compounds. This method was 
developed because molar heat capacities for many 
actinide and lanthanide carbides and nitrides of interest 
t o  nilclear technology have not been measured; thus it 
is not possible to  calculate the fef values from experi- 
mental data. A paper describing the method was 
prcpared for submission to  the Journal of the Amricniz 
Cerurnic Society. The abstract follows; 

“bstimation of Gibbs Free Energy Functioils.” by T. B .  
Lindemer. AbstFact: A c o m p u t a t i o d  method has been derived 
for the cstirnation of the rnolax heat capacity contribution to 
the Gibbs free energy function (fef) from 298 to  2000°K. The 
method is bascd on the obscrvcd teinperaturc invariance of 
certain ratios of the integrals of  these inolar heat capacity 
contlibutions. This method has beeI? applied t o  the analysis of 
fcf data for metal carbides, nitrides. fluorides. borides. and 
silicides in the crystalline state. l ’he estimated fef for a given 
compound is moIe accurate than that obtainable by other 
known estimation techniques and permit? a more accurate 
calculation of A<;% than is possible from the coinmody u icd  
approxiination A(;:,.-. A W : ~ ~  - ~ ’ A S : ~ R .  

13.2 NlTW1)E PHASE EQUIUBRIA 

Compatibility studies of uraniuin nitride with chrom- 
ium, iron, and nickel indicate that compounds of the 
AB2 type, such as  UFe,,  may form accordiiig to the 
reaction 

uN(s) t ?FC(S) * UFe, (s) 1- ’i2N2(g). 

These AB2 compounds adopt one of thiee closely 
related crystal structures called Laves phases. In geneml, 
Laves phases foin1 the numerically largest group of 
intermetallic compounds. 

In our compatibility studies, we have been interested 
in the possibility of forming Laves-phase compounds 
with uranium (A component) and combinations of 

chromium with iron or nickel (B component). Chrom- 
ium alone does not form intermetallic coinpolinds with 
uranium,’ but  chromium with iron or nickel could 
combine with uranium to form Laves-phase com- 
pounds. 

We used Pauling’s valence bond theory of  metals2 , 3  ar 
a basis for calculating bond numbers in uranium-transi- 
tiolr metal and transition metal --transition metal Laves- 
phase colilpounds. Relationships given by  Pauling 
enabled us to determine the d orbital participation in 
bond formation of the transition metals. We found that 
the inability of chromium alone t o  form Laves-phase 
compounds with uranium is d u e  t o  thc inability of the 
chroniiutn d orbitals to take part in bonding t o  the 
extent necessary for compound formation. These calcu- 
lations also indicated. however, that chromium would 
combine with iron and, possibly, with iiickei t o  form 
1,;rves-phase  ompou pounds of the type U(M,@rl - - x ) 2 ,  

where M := Fc or Ni. 
Basrd on these calciilations, alloys of uranium, iron, 

and c h r o ~ i ~ i u i ~ l  were piepared by arc-melting mixtures 

~- ...... .~ 

1. C;.  B .  Brook, C;. I .  Williams. and I:. M. Smith. J. Insf. 

2. L. Pauling, p. 220 in 1heoi.j’ o,f Alloy I‘hoses, American 

3 .  L. Pauling, Tlich’aiure 0): tlic Cilei?zical Bond, 3d ed., 

Metals 83. 271 ,1954). 

Sociciji for Mctals, Cleveland, Ohio, 1956. 

Cornel1 Viiivercity Press. Ithaca, N.Y..  1960. 

fable 13.1. Uisnir?;r,-c~rQlIliun-iron C 15 cubic Laves phases 

Alloy composition. 
33.3 at .  % u plus: ~. ......... 

at. ?h Cr at. a 1:e 
Lattice constant 

(A) 
......... ____ -. ......... ......... ~ ..... 

7.0905 + 0.001 11.3 55.4 
22.2 41.5 7.1098 i 0.001 
33.3 33.3 7.1452 k 0.002 
44.5 22.2 7.1660 0.0065 
55.4 11.3 (7.1580 + 0.0091)‘ 

... ___ ~_ ........ 

‘Cr and Fe lines also present. 
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of the respective elements and annealing in flowing 
argon for 66 lir a t  808°C. 'The compounds thus forrried 
were britile in nature and were ground into powder for 
examination by x-ray diffraction. The results of the 
x-ray analysis are presented in Table (3.1 . These results 
confirm that compounds o f  the type 1J(Fe,Crl do 
exist and that they have the C15 Laves-phase strixci tire. 
The lattice constant increased wit ti addj Lional chrom- 
ium up to 3 value of 7.1668 k0.0065 A.  The alloy with 

the greatest chromium content (55.3 a t .  bad 
chromium or i r o n  peaks present in the x-ray spectrutn 
in addition Lo peaks caused by -the Laves-phase c(:xn. 
pound. The values of the la1 lice constmt? are consistent 
with our analysis of Laves phases in terms of Pauling's 
metal bonding theory. 
h report entitled Lases P?tmes of Uianiunz and 

Trunsiti~~z Metals was prepared and i s  being published 
OKNL-TM-4315. 



14. Studies in Chemical Engineering Science 

14.1 MASS TRANSFER RATES IN 
OPEN BUBBLE COLUMNS 

Measurements of mass transfer rates in 1.5- and 
3-in:diani open bubble columns were continued during 
this report period.’ Results were extended to 
include the effect$ of liquid viscosity as well as the 
effects of liquid and gas flow rates on mass transfer 
rates of C 0 2  into aqueous solutions. These data, along 
with selected previous data,”” were combined to 
produce correlations for estimating the effects of gas 
velocity, liquid viscosity, and column diameter on 
liquid-film mass transfer coefficients. 

The overall volunietric mass transfer coefficient was 
correlated with gas velocity and liquid viscosity over 
both the “blubbly” and “slugging” flow regimes6 as 
follows: 

where 
KLa volumetric overall mass transfer coefficient, 

corrected for axial dispersion and end effects, 
sec , 

UG = superficial gas velocity, ctn/sec, 
p L  = liqiiid viscosity, cP. 

__ ..... 
1. A. Grauei et al., Axial Mixing in an Open Bubble Column, 

Part VTU: Mass Transfer Effects, ORNL-MIT-193 (1974). 
2. S. G. Dawson et al., The Effects of Viscosity on Mays 

Transfer in on Open Bubble CoZuinn, ORNL-MIT-199 (1 974). 
3.  S. A. Reber et al., The Effects of Liquid R o w  Rate and 

Viscosity on Mass Transfer in Open Bubble Columns, ORNL- 

4. J. J. Toman e t  al., A x i d  Mixiiig in an Open Rubble 
Coluinn, Parr VI: Mass nansfer Effects, ORNIL-MIr-175 
(1973). 

5. A. S. Y .  Ho et a]., Axial Mixing in an Open Bubble 
CoIumii. Part VU: Mass Transfer Effects, ORNL-MIT-183 
(1974). 

6 .  Chem. ‘I’echnol. Diu. Annu. R o g .  Rep. Mar. 31, 1974, 

MIT-201 (1974). 

ORNL496f.5, PQ. 55-57. 

The mass transfer coefficient was also correlated using 
dimensionless groups as follows: 

where 
NSh = modified Sherwood number = (KLa)DC2 /Dl 2 ,  

N, ,  = Reynolds number =D,UGPI,/I*L , 
N s ,  = Schmidt number = p L / p L D 1  2 .  

N~~ = Suratman number =D, p L  o L / p L 2 ,  

D, = column diarneter, 
O l 2  2 diffusivity, 
p L  = liquid density, 
uL = interfacial tension. 

However, these groups include other properties, such 
as liquid density and interfacial tension, that were not 
significantly varied in this study. The dimensionless 
correlation is recommended for estimating mass transfer 
rates for liquid-fil~-conirolled systems other than the 
carbon dioxide-aqueous glycerol system, but caution 
should be used when axtrapolating to physical 
properties widely different from those used in this 
study. 

EATION-OXIDATION S’IXJDIES 

The escape of tritium from fusion power reactors by 
permeation through external. piping or heat exchange 
surfaces can result in unacceptable tritium release rates 
to the environment or severely affect process 
requirements for triiium blaiiket recovery systems. A 
secondary containment system will be more effective if 
the tritium is oxidized to a nonpermeating and 
recoverable form, T 2 0 .  Oxidation has also bccn 
proposed as the principal process for recovering the 
bulk of the tiitium produced in a controlled 
thermonuclear reactor blanket. Tritium would be 
allowed to permeate from the blanket into a helium 
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coolant and would then be continuously oxidized to 
nimpemeabible T2 0 atid recovered on molecular sieves. 
Hence an efficient oxidation technique could be used 
both for containment of tritiutn permeating external 
piping and for recovery of tritium from a blanket 
system. The effectiveness of the oxidation step is 
crucial to either application. 

'The phenomenon to be itivestigated in this study is 
the oxidation of tritium as it permeates through the 
first containment or heat exchange surface. An 
important consideration is the chemical form of the 
txiiiuin as it leaves the permeated surface. l u w  
concentrations of oxygen are likely to be present in 
either the helium coolmt or reac tor containment 
atmosphere (and higher concentrations of oxygen could 
be added). Atomic tritium, permeating ii metal barrier, 
should react rapidly with oxygen in the gas phase. 
However, the effectiveness of certain met& (i.e.> those 
being considered for fusion reactor piping and heat 

exchangers) for catalyzing the oxidation reaction is 
unknown. 

A schematic equipment diagram of the apparatus used 
to examine hydrogen isotope permeationsxidation 
phenomena is shown in Fig. 14.1. Basically, the system 
consists of a type 304 stainless steel permeation tube 
surrouaded by a I "/2 -in.-diam tubular vacuum chamber 
arid furnace, a VacSorb roughing pump, a 20-liter/sec 
Vaclon pump, and a variable leak valve. A UT1 model 
100 C Precision mass analyzer and two nude ion gages 
(millitorr and ultrahigh vacuum) are attached to the 
1 */2 -in.-diam vacuum chamber. 'The 'h-k-diam 
permeation tube has a 32-mil wall thickness arid a 
heated length of approximately 12 in. The tube can be 
easily replaced to permit testing of other materials. 
Prior to assembly, the surface of the pertneation tube 
was cleaned by electropolishing. 

Six runs were made in the perrrieal ion-oxidation 
system; in each run, 09.75 vol 5% deuterium was fed to 

ORNL DWG 74 -10065 51 
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Fig. 14.1, Schematic equipment diagram for pe*me~~ion.oxidati.liii studies. 
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the inside of the stainless steel permeation tube at  a 
pressure of  2.0 psig. The temperature of  the permeation 
tube was maintained at 300, 350. or 400°C. I’artial- 
pressure data were nieasured for residual gases until the 
system approached steady-state conditions (up to  two 
weeks for each system perturbation). The objectives of 
the first four runs were t o  test the system for leaks and 
t o  determine the concentration of residual gases in the 
original vacuum chamber as a function o f  temperature 
before oxygen was added to  the system. In run 5 ,  which 
was made at 3OO0C, the variable leak valve was opened 
two and one-half turns to  permit the inleakage of 99.5 
vol % oxygen. Within 24 hr  the electron multiplier 
current from the analyzer was fluctuating for all mass 
numbers. Therefore, with oxygen partial pressure this 
high (or higher), the existing tungsten filaments in the 
analyzer probe must be replaced with thoriatediridium 
filaments. In run 6 the temperature was maintained at 
300°C. and the variable leak valve was closed to shut 
off the supply of oxygen. Within 24 hr the electron 
multiplier current was restabilized. After oxygen had 
been admitted t o  the vacuum chamber. the partial 
pressure of deuterium decreased by  a factor of 30. 
Apparently. the permeation rate through the tube was 
reduced because of the oxide filiri produced on  the type 
304 stainless steel surface during run 5 .  

Deuterium permeation data will be obtained at 
400°C. and possibly 500°C. using the existing oxidized 
stainless steel surface with little or no further addition 
of oxygen. Then an orifice will be installed between the 
vacuum chamber and the ion pump-mass spectrometer 
probe to  permit a relatively high oxygen concentration 
in the test chamber while still limiting the flow of  
oxygen t o  the ion pump and mass spectrometer probe. 
Oxygen partial pressures as high as 0.001 torr in the 
volume suriounding the permeation tube are desired. In 
the immediate future permeation-oxidation studies will 
be made with an existing palladium tube and perhaps 
with nickel or a nickel alloy. 

14.3 FLOODING srmm IN COLUMNS 
FIIL.IzED WITH CC$ODB.,OE PACKING 

The Krypton Absorption in Liquid COz (KALC) 
development facility uses Goodloe packing’,’ in a 
3-iii.-diam column, but  earlier tests indicated that the 
capacity (flooding rate) of this column was significantly 
less than that predicted by  the packing m a n ~ f a c t u r c r . ~  

Therefore. an experimental study was made of flooding 
rates with Goodloe packing in an air-water system t o  
assist in evaluating this material for use in KALC or 
other gas -liquid sorption processes. 

Figure 14.3. presents flooding curves in the form 
suggested by the manufacturer. The air flow at which 
flooding occurs, G,,,,. is plotted against the ratio of 
water flow rate t o  maximum air flow rate, L / G m a x .  
The upper curve represents data collected for a similar 
system at the ORGDP.” The three lower curves 
represent experimental data obtained in our study. The 
first results we obtained, which are shown on the 
bottom curve, were considerably lower than those 
predicted by the Goodloe correlation. This implied that 
there was a constriction in the column; therefore, tiit: 
entire column was inverted 180’ and retested. The 
experimental data from the inverted column were 
higher and, for LIG,,, ratios greater than 10, agreed 
well with the correlation; however, at lower L/G,, ,  
ratios. the experimental curve dropped below the 
correlation. 

The column was then completely repacked with new 
Goodloe packing. In replacing the column, cxtra care 
was exercised t o  ensure that axial compression of the 
packing was miniiiiized, in accordance with the manu- 
facturer’s instructions. The results from this new 
packing were essentially the same as those obtained for 
the inverted column. 

These results indicate that the flooding behavior of  
Goodloe packing can be difficult t o  predict, and that 
considerable care should be taken in preparing the 
column. In designing systems with this type of packing, 
we recommend that thc “new packing” flooding curve 
of Fig. 14.2 be  used. At low values of LIG,,,, this 
curve is lower and more conservative than the manufac- 
turer’s curve. Since it is unlikely that exact packing 
properties can be reproduced, a further allowance for 
30% scatter from the most probable c u m  is rec- 
ommended. 

7. “Goodloe Column Packing,” Bulletin No. 6-702, Packed 
Column Co., Ediqon, N.J. 

8. C. D. Scott et al., E x p i m e n t a l  Engitieerizg- Semiannu. 
Progr. Rep.  Mar. 1. 1974, to Azig. 31, 1974. ORNL-TM-4777 
(July 1975). 

9 .  “Packcd Column Information Bulletin.” Packed Colirrnn 
Co.. Edison. N.J.  

10. M. J .  Stephenson, ORGDP, pcrsonal communication. 
1974. 
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Fig. 14.2. Comparison of experimental data and macrufacturex's flooding correlation. 

wiiicliwas assumed to he instantar~ecm, jrreversible, and 
occurring entirely at the watermercury iilterface. 

Data from R series of f ive experinients pcrfcjrmed in 
the watermercury ccmtactor were re;inalyzed in an 
attempt to determine whether ari apparent change in 
mass transfer coefficienl during clre operat ion uf a run  
sv;is due to a change in the coli trolling re 
traiisfcr from one phase to  the other. Several inconsist- 
encies weie found between the niudel and the experi- 
nieri! al (lata. 

were made i r i  the water-mercury contactor a t  x i  

elevated temperature (-40°C) to  rest the validity o f  the 
R 

assumption that the interfacial reaction is instanta- 
~ l i e o i ~ s .  Results fIom these tests were inconclusive. 

An invesl igation was initiated to  determine whether 
polarography is a viable alternative metliod for measur- 
ing mass transfer rates in a sti,rrecl-interftice contactor 
using mercury and an aqueous electrolyte solution. 
Alt"nough several eleclrolyte solutio~is were investigated, 
none was found to be entirely inert to mercury. 
Information in the literature' suggested that an 
Fe2'-Fe3.r redox couple (using iron coniplexed with 
oxalate ions) may be suitable as an electrolyte for our  
application. Further rests will be performed to de- 
krtnine whether the iron oxalate electrolyte will 
produce suit:ible polarograms. 

14.5 PREPARATION OF 
~ ~ ~ A ~ ~ - ~ A R T ~ ~ ~ ~  SORBENTS 

Numerous industrial processes involve inteiactiuri and 
mass transfer between solid particles in fixed beds and 

1 J . I .  N. Kolthoff and J .  J .  Linganz, P ~ k ~ f l ~ p h y ,  1st ed., 
Interscience, New York, 1946. 
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gas or liquid streams. Generally, the limiting factor on 
the efficiency or effectiveness of the process is the 
resistance to  mass transfer, both between the stationary 
and mobile phases and within the stationary or solid 
phases. These resistanccs can be reduced by decreasing 
the size of the particles in the fixed beds. However, 
smaller particles require a higher pressure to  force the 
fluid through the bed. The pressure losses for particles 
of a given size can be minimized by  using uniformly 
sized spheres as the bed material. 

Sol-gel processes for preparing uniformly sized metal 
oxide spheres in the range of several hundred microns in 
diameter have been developed and successfully dernon- 
strated at ORNL.’2313  The goal of this research is to  
extend the capability of these processes to  particle sizes 
less than 10 p.  

Nozzle design. Although there is apparently no 
inherent lower limit t o  the diameter of spheres that can 
be formed by the sol-gel processes, several considera- 
tions impose practical lower limits on such diameters. 
The most constraining ones are: ( 1 )  nozzle fabrication, 
(2) sphere production rate, and (3) nozzle plugging. 
Discussions with both glassblowers and metalliirgists 
indicated that the practical lower limit for the inside 
diameter of the nozzle is approximately 10 to 15 p. 
Glass nozzles approxirriately 20 1-1 in diameter and 

a 
0 
E 
n 

stainless steel nozzles about 1-5 ,u in diameter were 
fabricated and tested. The results indicate that nozzles 
of this size present insurmountable difficulties (i.e ., 
plugging). The sphere-forming process that produces the 
most uniformly sized drops involves the use of a 
two-fluid nozzle with laniinar flow and an imposed 
vibration in the drive fluid.’ For IO-p-diam drops, the 
maximum production rate using this technique is about 
5,000,000 drops per minute, or about 0.003 cm3/min. 
Thus. for a satisfactory total production rate, some 
multiple-nozzle arrangement is necessary. Two designs 
were fabricated and tested, but equal flow through each 
nozzle could not be attained. The difficulties en- 
countered indicated that sufficient throughput and 
small., uniform product cannot be obtained by  using the 
two-fluid nozzle and laminar flow. 

12. S. D. Clinton, P. A. Haas, and L. J. Hirth, “Process for 
Reparins Oxide Gel Microspheres from Sols,” 1J.S. Patent 
3,290,122 (July 28, 1964). 

13.  P. A .  Haas and S. I). Clinton, “Preparation of Thorium 
and Mixed Oxide Microsphercs,” Ind. Etig. Chenz., Product Res. 
Develop. 5(3), 236 44 (1966). 

14. P. A. Haas and W. J .  Lackey, Improved Size Unifoimity 
of Sol-Gel Spheres by Imposing a Vibration on the Sol in 
Disperrion Nozzlcs, ORNL-’rM-4094 (May 1973). 
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Earlier research showed that sol drops with mean 
diameters as smd1 as 20 p can be formed by using 
iwo-fluid nozzles in conjunction with turbulent tlow.’ ’ 
The data were correlated by the following equatiori: 

@$/ID) = 1630 (G/l;’)o-l Re-’ *.’ , 

wlilere 
Ll,s = sol droplet diameter, 
ID 
G = flow rate of drive fluid, 
F = flow rate of sol, 
l ie  I: Keynolcls number of the drive fluid. 

Figure 14.3 shows a plot of this correlation with 
Reynolds number as a parameter. The correlation 
predicts that  drops smaller than 10 1-1 can be obtained 
wi,vl!h Reynolds imnmberr, greater than ’7500 in a 
1.5 -mm-1D flow channel. Consequently, we fabricated 
and tested two two-fluid nozzles, one with concentric 
cntry of the tluids rind the other with sol entering 
perpendic:ul;ir to the drive fluid. The nozzle with the 
right-angle entry perforxned bcst, and the results rrom 
l h i s  device are described M o w .  

in 
iIi;irriei CY were formed using isoamyl alcohol as the drive 
Ruib in t i l e  right-angle i w d l v i d  no.i,:/.le. illilncsiigh the 

3 not 3s 

good as desired, microscopic observation iiidii:oled that 

inside diameter of drive-fluid nozzle, 

W.esuBts. Spiiercs of crbiunr csxick gel 2 to 20 

uniformity of  size of the c!,liecicJ J 

uniform drops were formed when a vibration of about I 
kHz was imposed on the drive fluid above the nozzle. 

The effectiveness of sol-gel-prepared rnetal oxides as 
colurnn packing material for use in adsorption chxotna- 
tography was investigated. The erbium oxide spheres 
were used as column packing for sorption ctiromatogra- 
phy in the characterization of coal-derived liqiuids. 
Approximately 30 chroinatographic peaks were ob- 
tained using a t.emperalure gradient during elution. 

Future p h s .  Two approaches will be followed to 
acliievc the objectives of this research: (1) the effects of 
vibrations on Ihe uniformity of spheres forliied by using 
turbulent two-fluid nozzles will be established; and (2) 
the method described by Flack and McG‘lanahan,’ 
whereby the sol feed stream is subjected to ultrasonic 
(20-kHz) vibrations, will be investigated. 

14.6 ADIAIBATIC ~ ~ M ~ U ~ ~ ~ ~ N  
OF ~~~~~~~~~ 

Equiprnent is being fabricated to deterniirie the 
feasibility of using recycled, cooled flue gas for con- 
trolling the temperature o f  a graphite burner. ‘This 
facility, shown schematically in Fig. 14.4, will burn 

15. P. A. Naas, “Preparation of SolGt.2 Spheres Smaller th;in 
200 Microns Without Fluidization,” ~Yucl. Techol. 10, %83---92 
(1971). 

J6. 13. P. Flack and 13. H. McClanahan. “Microsphere 
Process,” US. Patent 3,463,842 (Aug. 26, 1959). 
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78 

solid graphite rods 1 to 1'12 in. in diameter and 24 in. 
long. The burner will be adia-batic; all heat will be 
removed by the flowing gases. The oxygen inlet rate 
will be fixed, whereas the recycle rate will be varied by 
an automatic control system to maintain a preset exit 
temperature for the flue gas. The flue gas will be  results as they become :Ivailable. 

cooled, pressiurized, and recyclcd to the burrier en- 
trance. The graphite temperature will be measured at  
several locations. and the off-gas will be crjntinuously 
analyzed for 0 2 ,  CO, and C O 2 .  A compute: prug-ram, 
which was written to  simulate the systerii. will analyze 



The controlled thermonuclear reactor (C'X'K) studies 
in (Pic Chemical 'I'echiiology Division are concerned 
with tr i t ium arid deute:iinn handling, processing, and 
containment. Fusion rcacfors will be required to recycle 
and purify largc qum'ti ties of tritium and deuterium 
uiiburlied io the plasi-ria and to recover, for future use, 
tritium bred in the blankel sys!erra. Tliese operations 
must be peri'oruied with rniniinal release of tritium into 
the tinviroiinictif- untie1 ei thei- normal or emergency 
opratiaig ccmdiiiuiis. '[hi: !datively new program lor 
support of C T ' W  developrrierri is coricexned with process 
p:oblerns of €irture fmion p:,wer reactors ;IS well as 
piolaienis of mar-term expcrjmenta! mil dccnoristration 

i t  will be rcquir 
!nany iases. Ilrc 

t t x l i  ni c q  I: e s nee d:: ti 
as those to be used in m c i o r  s 
however, simpler techniques can be used in experi- 
meiital systems. Often  the differences associated wiih 
ltie scale of needed system are such tila1 practical 
experiniental equipment can be designed with more 
coiatidcnce than can equipment for full-scale power 
sys terns. 

At present, recovery of tritium From the blanket 
system appears to be the rtiost difficult processing 
operation. The xriaxinium pernieated concentration of 
tritium in the blanket is vexy low and is set either by 
limits o i i  environmeatal release rates or by economic 
limits imposed by tritium inventory costs. The un- 
burned plasma recycle system will be required within 
the next decade. Although it is less difficult than the 
\al;inket. recovery systcni, many of the plasma recycle 
processing steps must be investigated immediately. 

The scope o f  the Chemical Technology Division CTR 
effort includes conceptual evaluation o f  tritium system 
for fusion power reactors arid near-term test reactors, as 
well its experimental studies of tritium tiandling tech- 
niques. The conceptual studies are especially useful for 
identifying the most urgent needs of the CTR program 
arid directing the experirnetltal efforts into the most 
profitable studies. The program also benefits consider- 

L_ II f.s j 01; 

ably by interac1,ion with related progranis w i t h  the 
'Thermonuclear, the Clliemistry, and {he Metals and 
Cer;tnijcs Divisions; significant cctoperative efforts have 
been inade with each of these divisions during the past 
year. Fu~iding foor tile studies comes from the Division 
of Controlled Thermonuclear Research (WTR) and the 
Division of Physical Research (DPR). Conceptual evalu- 
ai  ions and more strictly applied studies are funded by 
K T R ,  while the more fundamental work is supported 
by DPR. A related study i s  also discussed j x i  Secl. 14.2. 

15. I SCOPING STIJDlES 
HANDLING SYSTEM FOR AN ~ X ~ ~ K ~ ~ ~ E ~ T ~ ~  

FUSION POWER REACTOR 

OKNI, has initiated scoping studres Cur d t i  experi- 
mental fusion puwer reactor (FPK,) w h ~ h  is expected 
to begin operation in 1985 Ihese studies are being 
made to better define the purpose and size of the EPK, 
the experiments needed, and the iehtronshlps between 
the EPK, !he test reactor to  bc buill at Pirnceton by 
1980. and the demonstration reactor tentatively sched- 
uled f o r  operation by 199.5. 

Tritium Process Requirements 

The fiist step in scoping ilte tritium bystems f o r  ' i n  

EPK IS to estimate i h e  rates of wriwmptiori arid 
thioughput Assuniirig 20 MeV/fumm, the consumption 
rdte is 0.135 g of tritium (or 1300 61 of tritium pcr 
MWd). If the bPR operaies at an werage thernial power 
of 150 MW and 1% burn rdte, the tntium consumption 
rate will be .*bout 20 g/ddy (200,000 CiIday), atid the 
tluuughput will he roughly 2 kg/day (20 ~nCi/ddy). 

An obvious question is whether the projected con- 
suiiiption of tritium i n  the EPR can he supplied from 
the then-existing EKDA production channels or 
whether the EPK will be required to breed its own 
tritium supply. Uiiclsssi fled information now indicates 
that tritium for two years of operation could be 
provided to the X T R  program from iiom~al ERDA 

Thermonuclear 
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production channels. assuming that ample notification 
is given and barring unforeseen higher-priority 
demands.' Therefore, tritium breeding in the EPR is 
not expected to be an essential part of the plant 
operation, and preliminary conceptiial designs should 
not be constrained to provide breeding capability. 
It will, howcver, be desirable to carry out breeding and 
recovery experiments in one or more of +be several 
replaceable blanket modules. 

One purpose of tritium production experiments in the 
EPK would be to provide verification in integral 
experiments of calculational procedures arid funda- 
mental neutronic data used to predict breeding in 
fusion reactors. Another purpose would be to demon- 
strate tritium confinement and recovery techniques by 
the small-scale operation of a system with future 
applicability. Choices for the experimental modules 
need not be made until several years after the design is 
selectcd for the basic EPK machine, and thc EPR 
conceptual design should include a strong emphasis on 
the primary tritium system. 

Process Requirements for Primary Tritium System 

The high throughput rate of tritium in the EYK makes 
recycling within the plant a practical necessity. Assum- 
ing that the burn rate is 1% of the throughput rate and 
that process losses' should be less than 10% of the burn 
rate, the recovery fraction must be at least 99.9%. 
Logistics, economics. and safety considerations dictate 
that the inventory in the process system be as low :IS is 
practical. If cryosorption pumps are used, they would 
have to be regenerated frequently, perhaps daily, and 
would contain about one day's throughput of tritium (2 
kg). Assuming that the inventory in the other process 
equipment was approximately 2 kg, the total process 
inventory would be about 4 kg. 

The principal tritium handling equipment for the EPR 
will be vacuum system components. The systems for 
the EPK could be similar to the cryosorption systems in 
the ORMAK F/BX conceptual design. Before firm 
decisions are made on the EPR, however, other storage 

...... 

1. Under USAEC policy, charges to the DCTR prograrn 
would have been essentially shipping and handling costs; current 
EKDA policy is praurnably the same. Since EPK operation is 
more than ten years in the future this policy could change, 
especially if research and production functions in differing 
agencies are relocated. 

2. Piocess losses must occur predominantly via discard or 
waste mateiial rather than by leakage to the secondary 
containment. 

systems (e.g., regenerable getters) and process systems 
(e.g.* mercury diffusion purps)  will be examined. 
Pumping speed and hydrogen isotopc storage require- 
ments will affect these considerations. A 1 %  burn rate 
and the daily regeneration of vacuum pumps imply a 
storage capacity oil the vacuum pumps of 10.000 liters 
of hydrogen isotopcs. Typical cryosorption pumps 
associated wi th  this slorage capacity would have a total 
pumping speed of 10,000,000 liters/scc. I f  this speed is 
much greater than the EPR Tokamak opcration re- 
quires, then either special cryosorption pump designs 
(containing more sieve per unit volume) or lower-speed 
mercury diffusion pumps will be considered. If cryo- 
sorption pumps are used, rapid low-temperature rcgen- 
eration will be necessary; experiments are under way at 
ORNL to confirm this point and to evaluate proposed 
regeneration procedures. Removal of helium from 
uranium beds will have to be accomplished efficiently 
in the EPW to avoid loss of tritium to  the helium vent. 
The required percent recovery will bc considerably 
highcr in the EPR than in the ORMAK F/BX. J.,arger 
quantities of gas could, on thc other hand, make a fcw 
operations simpler in the EPR. Removal of tritium and 
deuterium from uranium beds may be possible at higher 
pressures. perhaps at pressures sufficiently high to 
permit recycling dircctly to the feed system. 

Isotope separation capability will definitely be re- 
quired at the EPR site. However, the throughput and 
separation needed cannot be specified at present be- 
cause they depend largely upon the still-undefined 
characteristics of the systcms for injection heating and 
fueling of the plasma. The technology of hydrogen 
isotopc separation is well established, and only a limited 
amount of development appears to bc required for the 
EEPR. 

Considerations of other details in tritium handling 
equipment design wiil be studied as decisions are made 
and as information is generated in other parts of the 
E?R design effort. Items of particular intcrest to the 
tritium system design are as follows: 

1. primary and secondary vacuum pumping speed 

2. pulse schedule, 
3. feed methods (gas fill, injector, and solid fiiel), 

4. number of feed points, 

5. injector capacities and efficiencies, 

6. injection ion composition (D-Y mixtures or separate 

7. purity requirements for feed and injected material. 

requirements, 

injections), 



"3yosorpficm pumping appeaib t o  be the most promis- 
i ng  rnethod for acliicvjing the low opex'itirlg przsmies 
required by fusion reactors m d  f ix  efficiently recover- 
ing tr ituaen arid deuterium Aftei eacl I Renting cycle, 
Tokamaks require Icrige primps for evacuation of the 
pl.i~xtsa liner so that unburned hydi ogen isotopes nuy  
i e  recovered and recycled. 

The L I Y O S O P ~ ~ I ~  ~1 pumpkg technlyue utlllLes the 
contiensation of gases ciii taiolec ILLT s~eves ihat h:we 
been cooled to l a q u i d - ~ m m  tepnpciatures ( 4 ~ 5 " ~ ) .  
Because such pumps need jlo lub 
fhmds vathin tlzc vacuiirn chamber, 1 hey arc Jean ,  
vibiatiori free,  arid unaffected by magnetic fields 'BTic 
olqectives oE this progra~i  cvdl be io  iriveitignte ltie 
operating c h a i a c t e m t ~ ~ s  of such deviccs investigations 
will deterrtmie purnplng speeds and capacities ot se- 
leGted gaces at specified preswres arid tlewrptive rcgen- 
eration izquirensents. Pumped gases are expccted to 
iriclutle the isotopes of hydrogen and liydiogen-hellrim 
nuxtures. 

Basically, the pimping syqtem iricliides :L cryosorptlon 
pump, a &-in -dmn vdcuum chamber. rntllitorr ad 
(116 Cdhi&i-vacuuni gages, d rtsughtng punip, and d 20 
bter/sec noble-ion iwmp A mas5 a n a l y m  probe and 
wnstant-leak vdve .ire alstr dttxhetl l o  the vacuum 

Pumping tests will be precedeci by a hkeou t  period 
dui ing which the outgassed niaterials arc removed Isy 
tl-ir roughing 3y4tern The cryosolptlon pump wlll theii 
be cooled to Iiqirtd-liebum tzmperatures, and subse- 
quirit expexinierits will involve the injection of hydro- 
gen into the V ~ L U U I I I  chamber at a mediured rate to 
dctermme puniping speeds. Since this type of pump has 
a finite capacity, the effeLt, of 10,itlirig wll be obszrved 
along wtli  des^ ptive regenelation chaiactcrlstlcs of the 
ci yogetiic molecular sieve bed A residual-gas analysri 
m i 1  be used f o r  pelludic tesr~ng of the composilion of 
the gas within the vactiuni ctrniiibei. 

chiir1lber 

5.3 TRITIUM SQRPTION S'RJDIES 

'The sorption of tiilium from tbc putas\iurn coolant 
or the lithium blanket by using hydrogeri-gettering 

metal sorbents appeaxs to be a promising method for 
recovering ritiurn bred in fusion reactor tjlankets. A 
study cjf tritium sorption is  contjriui~ig with expesi- 
i t m i  ts that involve batch contactirig o f  tritiated liquid 
potassium and potential metal sorbents, The metals 
tested to date have been yt,irium, zirconium, uranium, 
and titanium. As reported previously, none of the 
metals sorbed any detectat-de quantities of tritiuni from 
mrelten potassiunn durjng contact times of up to f o t i  I 

days. An j rnperre trable cxide barrier apparently forms 
on die surface o f  the niefal axid doses llie interior f~ 
liydiogeri permeation. Coating dil'fcrent zirconium sor- 
bents with nickel, vanadiim, and iron did not improve 
the transport of tritiuni. 

The batch co11&act of possible scjrbeor materiais with 
t.titiated pcitassiurn will continw; ticiwex/er, prepsrations 
are dso being made to test the effectiveness of potential 
sorbent ri-r;lterials in tritiated Eithium 'The relative 
i r i e  Ffeciiveness of some materials as sorbents or sorbent 
coatings may i~nprove in lithium, where surface oxides 
can be niore effectively reduced. 

Lithiaxn-alumirieim alloys were propc1setl for low- 
tri tium-inventory CTR hlankels,  arid lithium-bismuth 
alloys have been suggested as solvents for extracting tri- 
tium from mdten-salt blankets. However, insufiicien t 
irtforrnation was available to evaluate the usefulness of 
either sysiem. An experirnenial effort was made to ob- 
ta in some of the necessary data reliltbe to  tritium uptake 
tbxougiiout the temperature and  pressure range of 
interest. Neither system showed signiiicant tritium 
uptake, which made accurate measurements difficult. 
'Ihe results, however, were siiificieritly rdldbk to 
demotistrate that Li-Bi alloys will not be useful as 
tritiurii extractants. Although h l k  trititnn sorption in 
Li-A1 alloys was desirably low, several observations were 
made t ln t  indicate that additional dais wiU tie required 
before Li-AI is u.sed in CTK blankets. Tritium uptake 
upas highest in samples with large surhce areas, and 
partial dissolution of bulk samples showed higher 
tritium concentraticwis w a r  the surfaces, Tliese results 
can indicate significant surhce sorption and/or low 
bulk diffusion rates. Eitheh could affec t the application 
of L.i-AI in  CTR blankets. 



16. Iodine Studies 

Nuclear reactor installations use large quantities of 
especially impregnated charcoal for cleanup of radio- 
active iodine during normal operation. A remote pos- 
sibility cxists that charcoal ads0rhei.s woiild be required 
t o  rctnin larger quantities of radioactive iodine than 
ntrrinally adsorbed if ccrt;iin postulated accidents oc- 
curred for some reactors. Out  expcritiiefitnl pro 
being conducted l o  dcterniiiic :tic crfects that such 
loading (as simulated in the laboratory) wuuld have on 
the retention of iodine and whether the resulting dccay 
heat would IlkiiKItely lead t o  ignition of the charcoal. 

Our experimental method is t o  load highly radioactive ' I 2  on a well-insulated charcoal bed 1 in. in diameter 
and 2 in. decp. Air is flowed at  3 3  fpm and 70°C t o  
provide adequate cooling for 2 t o  6 hr, while sequcn- 
tially opcratcd collection traps measui-e radioactive 
iodine desorbed from the end of thc bed. The air 
coolant velocity is then reduced t o  3.8 fpm (25°C 
reference) for 3 hr  and further reduced to 0.7 fpm 
(25°C) unless ignition has already occurred. 

Previous experiments with nearly dry air showed that 
the heat from decaying iodine can result in ignition of 
charcoal and that the amount of iodine desorbed before 
ignition is usually insignificant. Details of these expei-i- 
inents have been reported.' 

Our test parameters were extended t o  include higher- 
moisture-content air as well as charcoal that lias been in 
service and accumulated quantities of adsorbed atmos- 
pheric corilaminants. 'I'he principal results of the recent 
exper.imcnts are summarized in Table 16.1 . 

The attainment of ignition in our experiments 
depends upon the simple heat balance of heat input 
(radioactive decay plus oxidaiion of charcoal and 

1.  R. A. Loienzn, 'A'. J .  hlartEn, and 11. iugao, "The Behavior 
of Highly Radioactive Iodine on Charcoal," Proceedings of the 
13th A EC Air Cleaning Conference Held iii S m  F'unricirco, 
August 11-15 1974. 

organic constituents) vs heat oiitput (air flow and 
conduction losses). In our apparatus, ignition occurs 
when the heat input is approximately 1 5  cal min-' (g 
charcoal)-'. Sirice the decay heat in recent expcriments 
is only 1 cal Inin-' (g charcoal)-', the importance of 
oxidation heat is apparent. The presence of moisture 
reduces sligjitly the oxidation rate. partly by diluting 
thc oxygen iii the air. The experiments with MSA- 
8585 1 charcoal ~ I i o w  a large reduction in oxidation 
heat release with moist air. but much of the icdtl<:iiot1 
should probably be attributed to  the burnoff o f  active 
sites in the charcoal during the longer time required t o  
raise the charcoal bed t o  the ignition tempcra:ure with 
the lower radioactivity level used in run 8 .  I n  contrast 
t o  the cxperiments conducted at 3.8-fpm air velocity, 
the maximum teinperature during each of the experi-. 
nients that ignited at 0.7-fpm velocity reached a 
maximum followed by a slow decrease. The calcuiated 
oxidation heat release rate dccreaved during this period, 
indicating a burnoff of active sites or a combustion 
poisoning effect. The CHAKI' coinputer program as 
modified to include oxidation heat was shown to 
correctly calculate charcoal bed temperatures.' 

The rate of oxidation heat release vrried widely 
aiirong the charcoals. with the inipregnants causing 
liluch of the difference. The relatively high potassium 
content of MSA-85851 and of GX-176 tends t o  
promote oxidation: triethylenedianiine (1'EDA) in GX- 
176 oxidizes a t  temperatures above 150°C. Run 10 
used Witco glade 42 charcoal which was removed froin 
the IlFlR air cleaning system after four years of service 
and which contained approximately 130 mg of ad- 
sorbed atmospheric conlaininants per grill11 of cliarcoal. 
Apparently this tuaterial oxidized readily, raising the 
charcoal bed teluperaturr sufficiently to cause ignition 
of the base charcoal. Unused charcoal froill the same 
purchase lot  did not release measurable oxidation heat 
in run 9, and the teiiiperature reached a plateau of 
186°C. 

'P'he movement of radioactive iodine within the test 
beds was moniioreci by an ion cliarnbcs with a 
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' 301; Cib 
Lowest air velocity, fpm ;it 25°C 
Ignition temperature, ' C  
Maximum temperature at liiwt~st 

Watm vapor partial pressure, torr 
Oxidation heat release rate," 

cal min+ (g chmcoa~)-' 

velocity, "C 

At 200°C 
At 3w)"c' 

 tis sorption coefficient: 
g B (g clwcoal)-j a im a,' 

At 100" c 
At 200°C 

Faaction desorbed, ppm 
elemental iodine 
Paitiiulate iodine 
Penetrating iodine 

'I'otdl 

11 30--970 
3.8 

575 

4 

3 ao 

0.36 
15 

4.0 x 105 
2.3 x 103 

-2 
17 
>3.4 
>%2 

465 240 
0.7  

387 

100 

Nfil ZYIeaWIJd 

0. t 
5 

1.1 x 105 
2.5 x 1 0 3  

1 6  
1.2 
68 
71 

650-450 
0.7 
36 8 
4 3 1  

3 

-0.02 
1.3 

1 0  X 10' 
2.5 X IO3 

,-I o,(Duo 
1 5 
x . 4  - 10.000 

535 270 
0.7 
N o t  reached 
i 86 

35 

Not measured 
Mot ITXXuCed 

1.0 x 10' 
1.2 x 1 0 3  

n <  
IJ.5 
63 
64 

810-590 
3 .8 
292 
530 

4 

1.2 
18 

1.u x 105 
1.5 x 1 0 7  

3 4  
10.2 
+5.6 
2 1 9 

%SA-8585 1 is a coconut-baqe chaucoal imprepatcd with approximately 4% (KI + Iz 1. Witco Grade 42 i s .  a petroleum-base charcoal. 
impreppated with approximately 4% KI. GX-176 is a coconut-base cliarcoal impregmtal with 1% KI, 1% triethylenediamine (TEDA), and a 
propnictary R a m  retardant. 

curie oi' 3 0 ~  prodixrzs a rrmximiarn txta radiation intensity of -5 x 10' rads/hr in the first ?$-in. segmeiit arid an essentially 
uniform gamma radiation intensity of 1.3 X IO4  iads/hr. The luIt'4ife of '"I is 12.3 hr. 

=The heat release rate and adsorption coefficient show a log rate (coefficient) vs 1/T ("K) correlation. Sone of the l i s t4  values are 
extrapolated beyond the range of experimental data for comparison. 

%he 94-ppm release was a highly penetrating form of iodine. The 1280-ppm release was a moderately penetrating form similar to CH31 in 
adsorption behavior. 

collitnator that k-,nnned 1 tie depth o f  the bed in 1/8-~n. 
i t ~ ~ r c m r n i c  brom the observcd movement wiilnn the 
bed, we Lalculated rhe iod~tie partial pressure .jnd ilie 
coi I espontling linear adsorpl ion coefficient ns shown in 
Table 16 I The obseived &ffc:ence, xnoiig (liarcoals 
were mdl, thc greatest difference was between r i m  9 
and BO, which illustrdteti the ctelelerious effect of 
extended service life. 

8 f  gredl [titerest in this program 1s tt ie release of 
radioactive iodine from the end of the tebt bed (Table 
16.2) The large releases of elemental iotliiie occurred 
when beds were operated at hgh tempelatme for long 
periods of tirnc The dinount of paiticulate rodrnc 
released war small, even dufing ignition The arnount of 
penetratitig iodine (chemical forms such as CI1l3I that 
ale iiot as easily adsorbed as 12) was small i n  the 
lowmoisture runs With a tngher irioLstuie content in 
nms 8 and 9, we discoveked that the iodine released 
during these runs was veiy poorly adsorbed a n d  was 
released contmuuusly at ii fr,ictional rate of appruxi- 
m&ly 7 X hr-" This highly penetratriig iodine 
was riot detected during the lowmoisture rutis because 
of shorter operating iunrs, smaller collection traps, and 

Attempts to ideenbify the clie~nic:il fo rnu  of the highly 
pciietraiing iodiiie have not yet been successfirl, but 
various significant charocteristjcs have been olmxved. 
The partit ion  coefficierrt in  water (condensatej at O"C is 
< I O  g I c:171-~ ofwater/g I c r i ~ - ~  of air, m i  ttie material 
did not cold-trap froin air at dry-ice temperature or 
from helium at liquid-nitrogen ternpcnatiirc. A silver- 
exchanged type 13X niolecdar sieve coilects the male- 
rial much more efficiently than any of th- c. cotrlfnon 
types of KI, K13, and TEDA-ixnpregr~ated ctiarcods. 
The high- temperature coUection on a silver-exchanged 
mo(ecular sieve stiows promise for efticieni collection, 
especially when preceded by an oxidizing catalyst. 



16.2 REACTION OF ORGANIC IODIDES 
WITH HYPERhZEOTRQPlC NITRIC ACID 

The purpose of this study ir to determine the ultimate 
fate of organic materials in nitric acid systems. Coin- 
plete recycling of all processing streams involves the 
possibiliiy of recycling traces of organics that can cause 
subsequent difficulties in separating fission products, 
particularly radioiodine. The sfiidy is oriented toward 
the planned LMFBR processing scheme. which includes 
the icmoval of iodine by  20 hl IINC), ( lodox proc- 
ess).”’ 

The effects of solvent and diluent degradation on 
solvent extraction systems have been widely investi- 
gated.6 The deleterious effcct of trac:es of organics on 
iodine separatiori has been less widely studied, but is 
well ai.1 the n t ica t e d I 

We studied the reaction of hyperazzotropic nitric acid 
with short-chain aliphatic iodides, nitrates, and acids; 
these were added to  nitric acid. saturated with iodic 
acid, and refluxed with air sparging t o  remove volatile 
products. The off-gas was passed through cold traps and 
a gas analysis train. Contents of the traps and the 
reaction vessel were analyzed for organic materials by 
gas-liquid chromatography and for total carbon. The 
analyses allowed us t o  identify cornpounds and to close 
the material balance for carbon. 

Strong nitric acid converts aliphatic iodides to the 
corresponding  nitrate^.^ Wiiii methyl iodide in 20 M 
p1w03, the conversion was 100% within the limits of 
analytical accuracy. Only traces of C 0 2  and CO were 
found. Except for the acids, longer-chain aliphatic 
compounds suffered considerable attack. Ethyl nitrate 
was converted into C 0 2  t o  the extent of 70 to SO%, 
with acetic acid accounting for most of the remainder; 

n-butyl iiitrate was converted into C 0 2  (40 to 45%), 
i ~ i t ~  butyric acid (40%), and the remainder into 
unidcntified species. When the butyl nitrate was added 
in aliquots t o  the boiling pot. about 9% was oxidized to  
butyric acid, 1 1 %  to acetic acid, and 30% t o  propionic 
acid (Table 16.2). Most oxidation occurred within the 
first few minutes. Aliphatic acids were rather stable: 
acetic acid was unattacked by boiling in 20 M H N 0 3  
for 4 hr, and only 20% of the n-butyric acid was 
attacked. (The carbon from that 20% remained in the 
reaction vesse! in some as-yet unidentified species.) 

The factor for separating methyl nitrate from nitric 
acid soliitions by fractional distillation was found t o  be 
about 15.  Distillation is not practical for separating 
longer-chain organic nitrates from the acid, We have 
approached 100% removal of 0.1 M acetic acid, the 
most refractory of thc knowii shortchain compounds. 

2. Chem. Tc~hiiol. Div. h n u .  R o g .  Rep. ?,i’ar. 31, I 9  74 
ORNL-1794: ibld., ORNL4582. pp.61-62  (1971). 

3. Staff5 of tbc Cliernical Tccluiology and the hletals and 
Ceramics Divisions. LMFBK Fitel C ~ d e  Studies Progwss Rfport 
No. 37, OKNP.-‘I’?d-3837, p. 1 1  

4. J .  C. Mailen and T. 0. Tiffany. J .  fnorg. Nrcd Chem. 37. 
127-32 (1975). 

5 .  R. 11. Raincy and J .  C. Mailen; J.  Chem Ens. Data 19, 

6. “Symposium on Solvent Extraction Chcmistry. Gatlin- 
burg, Tenn., Oct. 23--26, 1962,”Nuc.l. Sci. Eng. 16, 381-455 

7. Health Physics and Medical Division, UKAEA Rcscaich 

8. W. ,4. Rodger and S. I>. Reese, Reactor and );he1 Processing 

9. N. V. SvelPakov et al., J.  Crg. Chern. (USSR) 4, 1829-33 

18 (April 1972). 

262-63 (1974). 

(1963); 17, 234-308, 5 5 7 - - 6 5 0  (1953). 

Group, Harwell, UK, AERE-h4-1211 (May 1963). 

Technol. 12(2), 173 (1969). 

(1368). 

Table 15.2. Oxidation products of organics in 20 M HMO3 

Compounds found in products (% of total C added) 
. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . ... . _.__I ___. . . . . . . . . 

Unchanged coz co Organic 
acids Other % carbon 

accounted for 

Methyl nitrate 
Ethyl nitrate 
n l u t y l  nitrate 

(added in aliquots) 

n-Butyl niivate 

Acetic acid 
n-Butyric acid 

(added before heating) 

-100 ‘I race Trace -100 
13 17, acetic 9Q.8 

0 41 0 11 ,  acetic; < 1 ,  nmethyi nitrate 91 2 
30, propionic; 
9, butyric 

0 40-45 0 40, butyric 

100 0 0 0 0 100 
80 -2 Trace acetk -18, unidentified; -100 

tiace methyl nitrate 
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from 5 and 8 iV1 HNO, by wet air oxidation at or . h o v e  
230°C. 

mattacked and that other aliphal ic groups are oxidized 

to carbon dioxide and a l iph t ic  acids by 2G M nitric 
acid. The oxidation-degrddation in nitric acid does not 

Our work showed that the ~iiethyl group i s  almost dewruy the oiganics completely; special oxtclalioii 
techniques must be used for this purpose. 

..I...-.- iii __ -: ...........,... ~ ..........._........ .......................... 



17. Reactor Safety Research 

17.1 FISSION PRODUCT WELEARfS 
FROM LWNR FUEL 

This progiaiii was initiated in FY 1975 to  provide a 
more detailed understanding of fission product behavior 
under LWR accident conditions. Safety analyscs have 
emphasized the need for improved information in order 
to evaluate more accurately the consequences of radio- 
activity release and to ensure conforinance with estab- 
lished guidelines concerning radiological dose t o  indi- 
vidi.ralr near a power reactor. Determination of the 
chemic;d and physical forms of the released fission 
products will be given particular attention. 

Two types of accidents - both irivolving steam 
atmospheres ~ are of interest in this study; spent-fuel 
transportation accidents rnighht result in rod failures in 
the 500-700°C temperature range, and in-reactor 
loss-of-coolant accidents mi&ht causc rod failures (anti 
fission product release) a t  higher temperatures (up t o  

1500°C). At thesc tcmpcratures. the source of released 
fission products i s  almost entirely that inventory 
accumulated in the pellet-clad gap region of the fuel rod 

S T E A M  
GENE RATOR 

during long periods of normal reactor operation. VJhilc 
additional information at even highcr teinperatlrres 
(1 500  to 2500°C) is of intcrest, no expcriments a t  this 
level are currently planned. 

I'he initial effort in this program included a litcrature 
survey of existing data, prcviously usx! experimental 
techniques. and available methods for characterizing the 
chemical and physical forms of thc fission products 
under tcst conditions. '4 work plan sumrnarizirrg the 
state of the art and outlining the proposed experirncntal 
program was prepared and submitted to the Nuclear 
Regulatory Commission (NKC) in draft form for 
review. The revised work plan, incorporating comments 
made during the review, was transmitted to the Office 
of Nuclear Kegulatory Research (OWRR)-NKC on 
March '7, 1975, 

In preparation for the  experimental studies, a con- 
taminated hot cell was cleaned :md repainted, and the 
necessary equipment w a s  installed. A schematic diagrairt 
of the apparatus is shown in Fig. 17.1. All components 
of the experimental system were checked for proper 
operation and found to be satisfactory. A series of 

R O T A M t T E R  

R O T A V C T E R  PRESSURE 
A R G O N  --L 

HIGH 

VACUUM DRYER 
P U M P  t 7 B ° C )  

Fig. 17.1. Apparatus for studymg fisssnn product release from irradiated 1 W R  fuel rod3 
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control tests will be conducted to etisure accurate 
calibration and interpretation o f  the chardcterization 
techniques, such as deposition in a thermal gradient, 
particle size classilhtion in a cascade impactor, cherni- 
cal analysis of the steam condensate, a r~d  gamma-ray 
spectsometry of 311 samples. Electron spectrosi:opy and 
x-ray diffraction will be utilized for corr~pound identifi- 
cation where appropria1.r:. Both irradiated arid e i r i j r m  
diati:d (with fission products jrnplan ted) fuel specimens 
will be ruptured by internal gas pressure a i  c1ev;itetl 
temperatures in  later tests. 

Irradiated he1 specimens currently available f o r  test- 
ing are lirniled in utility becaose of LfJW burnlip (-1Cicl0 
MWd/raetric ton) or low lirrcar thermal power 4-';160 
Wlcrn) during irradiation. Therefore. iri order i o  better 
simulate prototypical cortcl~f iotis, we requested tvw fuel 
rods from the h l l y  irradiated 1-1. B. Kobinson No. 2 file1 
assembly being acquired h y  ONIZK-NKC. Detailed 
specificatioiis f o r  [lie examination, secticming irito short  
lerigths, and rescaling for tcsting of these rods were 
prepared arid submitted to three diffcrent hot-cell 
facililies for cost estimates; based or1 their estirnates, ;I 
subcontract is being ncgotiateti 1.0 conduct this work in 
FY- 19'76. 7'hus, a supply of P'cr/lP-irratliatetL fuel 
specimcns spanning the tiurnup ri111ge 10,000 to 30,000 
MWd/metric ton will he av:iilahRe for  testing. 

A limited, parallel set o f  experiments to jlivestigate 
tlic chtirnical forms of fission prodi.ici,s releasctl from 
UQz is being p ~ r s u e t l  using ii Kiiudsen cell-- X]I;ISY 

spectrometer technique. 1deri.tificabion of the cesium 
species evolving from rnixtures of tiQ2 powdc'r ;mtJ 

elemental cesiutn, Cis2 0,  and Csl ovci- the temperaturc 
range 700 io 1300°C' is the prirrrary ohjeclive of  this 
program. These tests will I I C C ~  irjly bi: performed irr 
vacuum. 

17.2 TRANSIENT RELEASE FROM 

The Transient 1Celt.ase FIogtarl~ j s  sponsored hy the 
NRC Division of Reactor Safely Research. ?'he objec- 
tive of  this program is to investigate i,he relc;jsc and 
behavior of fuel arid fission products in aerosols 
resulting frcjul  the hypothctical core disruptive accjtlt'nt 
(HCPIA) of an LbtFBK. 

1 t is dcsired to experimentally produce an eiiergy de- 
position i n  ILMFBR fuel that is cliaractcristic o f  ;> seuerc 
hypot1it:tical reactor transient by applyjng direct  cleciri- 
cal current to mixed oxide fi.ccls j r ,  t i l e  presence of 
sodium. Tile program inc:lurlcs tests with and witliout 
sodium, irivcstjgations of  alternative rile thotls for gciicv 
at i i ig  fuel arid sodium aerosols, thc use oi' li02 as ;I fuel 
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Fig. 17.2. Effect of Us08 aerosol denity nn deposition bchjivior predirtcd by IEAA-3B. 

'Toward this end, arrangements were made to use 
existing equipment a t  the Arnold Engineering Develop- 
ment Center (AEDC) for scoping tests on fuel vaporiza- 
tion. Their von Karman facility was reactivated, and the 
rcquired changes were made to adapt the capacitor 
banks for our project. 

The first three of a planned series of four groups of 
tests were conipletcd. These tests were designed to 
study the effects of preheat temperature. capacitor 
power and voltage. and system resistance to rupture by 
pressure buildup. !vliile not all of thc tests were 
successful with regard t o  vaporizing a significant 
amount of fuel, sufficient information was obtained t o  
give reasonable assurance of the viability of the CDV 
technique for energy deposition- and subsequent fuel 
vaporiz' d 1' [on. 

The three series of tests were expected to  emphasiza, 
successively, the effects of (1) UO, preheat tempera- 
ture, (2) capacitor energy- and voltage. and ( 3 )  sleeve 
resistance t o  ruptiurc by pressure generation. With 
somewhat surprising case. the first series performcd 
gave encouraging results: and a significant yield (-2% of 
the fuel pellet weA&t) of submicron U 0 2  particles was 
obtained. although the energy deposition in the fuel 
was relatively inefficient. 

In the second series. the initial tests gave highly 
efficient energy deposition (75 to 80%) but. disappoint- 
ingly, no disasscmbly or aerosol. After some considcra- 
tion we concluded that, in addition to enhanced 
thermal conductivity due to the typc of fuel, the 
samples were probably too massive, being about twice 

the weight of the first successful shot. Therefore, 
additional energy W E  scheduled for the final trial, 
which was made with a diffcreilt hiel loading. 'This test, 
No.  6, was rnuch more successful, since about 10% of 
the pellet stack was vaporizcd. During this test, sonic 
rather sigiiificant observations concerning acrosol 
behavior were made. including the ineasurement of  
both agglomerated arid priinary particle sizes. 

Five additional fuel vaporization tests were conducted 
at AEDC. Descriptions of fuel assemblies used for all of 
the AEDC tests of interest, along with the data 
collected for each test, arc given in Table 17.1. (Note 
that all conclusions reported here are pfeliminary and 
subjcct to  change after further assessment.) 

Test 6 \vas housed in a quartz containment sleeve of 
2-mm wall thickness. The setup gave 3 good aerosol 
yield which VK hoped to increase in tests 7 and 8 by 
using qua r t z  containment of 4-mm ivall thickness. 
These tcsts differed from one another only in that test 
7 employed 40 wt 9:) U 0 2  pellets along with micro- 
sphcrcs. whereas test 8 utilized only UOa microspheres 
as fuel simulant. In each case, disassembly was observed 
within about the sanie time and energy input range as in 
test 6, hut the new t cs t s  appeared to yield less aerosol. 

The A E W  series included preliminary tests to  deter- 
mine what effect(s) the cladding material might have 
diiring fuel vaporization. For this purpose. we added 
stainless steel to the UOa microspheres in test 9 .  In  this 
case, the energy input before disassembly was more 
than twice the highest input experience previously. and 
the aerosol yield appeared to exceed tha t  obtained in 
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test 6. The observed improvement is thought to be due 
t o  a lower resistivity-temperature coefficient resulting 
from the prescnce of the stainless steel. This would tend 
to  flatten the radial temperature profile and signifi- 
cantly reduce the power density along the center line of 
the fuel during the electrical discharge. 

Test 10 rcpresented an attempt to reduce the heating 
power lcvel without significantly decreasing the voltagc 
and the stored energy in the capacitor bank. Hence, t o  
increase the clectrical resistance of thc assembly, a 
longer and smaller-diameter fuel assembly was cm- 
ployed. Althoiugh a reduction in total power levcl was 
observed, the aerosol production appeared to be about 
the same as that observcd during test 8. 

Thc sample of fuel simulant used in test 1 I was 
contained in a heavy (14-mm-thick) quartz tube along 

the front 60 inrn of the assembly. The thickness of the 
quartz containment was reduced to 1.5 mni for the last 
20 mm of length at  the low-voltage end uf the 
assembly. The intent was to cause the thin-walled area 
to  rupture first, allowing the current at tho  ruptured 
end of the assembly t o  be carried by a low-impedance 
arc. 'The rcsults were disappointing in that complete 
disassembly apparently occurred after about the same 
energy input as in test 10, and with a lower aerosol 
yield. 

Additional tests a t  AEDC will be conducted with 
various material and voltage combinations in an effort 
t o  further improve the efficiency of the CDV process. 
Design and construction of the comparable ORNL 
high-voltage facility were initiated. 



18. Nuclear Regulatory Ckmmissiori Programs 

15.2 SAFETY REVIEW 09; NUCLEAR FACILITIES 

The Chemical Technology Division, with support 
from the General Engineering, Hedl11 Physics, and 
lustrurneri tation and Controls Divisions, is providing 
iechnical assistance 1 o the N K ,  Division of Materials 
and Fuel Cycle Facility Liccosing, in : w e s i n g  the 
safety of fuel cycle Fxilititrs arid in preparing generic 
rr:ports on ibese faci l i t ies. 

During this repurt period, we participated in the 
review OF safety an;tlysis wports acconnpanying license 
applications for 3 construction and operating perniit to 
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p e r f o m  major modifications at the Nuclear Fuel 
Services (NFS) West Valley Fuel Reprocessing Plant and 
to operate the modified NPS plant. and operating 
permits for the Allied General Niiclear Services Barn- 
well Fuel Reprocessing Plant and the Allied General 
Nuclear Sei-vices Barnwell Fuel Receiving and Storage 
System. Specific areas of review were: (1) ventilation 
and off-gas treatment, (2) radioiodine control, (3) 
instrumentation and controls, (4) liquid- and solid- 
waste treatment, ( 5 )  process, (6) radiological protec- 
tion, (7) accidents. and (8) nornial and emergency 
utility support systems. 

18.3 SAFETY REVIEW OF TRANSPORT CASKS 

inust be reviewed and approved by the Transportation 
Branch of the NRC. The NKC review covers d l  areas of 
cask design and analysis. On occasion, the Transporta- 
tion Branch will request that ORNI, review certain parts 
of  these safety analysis reports for packagings and 
transmit the resulting evaluation to them. During this 
report period, we made a review of the pressure relief 
device on the CE IF 300 spent-fuel shipping cask. In 
addition, we completed a detailed computer analysis of 
the shielding capabilities of concrete and a Chei-ntree 
compound’ for a given source of neutrons and gamma 
rays. 

The design of each shipping container expected to 
transport significant quantities of radioactive material 

2. Shielding compound marketed by thc Chemtree Corpora- 
tion, Central Valley, N.Y. 10917. 



19. Diffusion of Adsorbed Species in Porous Media 

The long-range goal of ihis program is to gait1 an 
understanding of the coctrolling inechanisms for migra- 
tion of strongly adsorbed species in porous media. 
Diffusion of cesiuni through graphite components of 
gas-cooled reactors is an example, sirice most of the 
cesium activity iri HTGR cooling circuif s i  resulir from 
cesium isolopes that Icak out of coated fuel particles' ,.3 

and seep ttirougl* graphitcs surrounding the fuel rc,' Avions. 

10 th is  program, cesium transport is being studied at 
temperatures ranging from 600 to 1 OOO"C, wherein 
cesium could exist at least initially as a ~iietallic vapor, 
but more likely as a mobile adsorbed species on 
graphite surfaces. Orie objective is ta ascei taiii itri 

approximate vapor-phase to adsorbed-phase transport 
ratio. Ar~ot j ier  ohjecrive coiiceriis the development of a 
phenomencdogical niodcl t h a t  will aid iii thc analysis of 
results from various HTGR srrrveillancc programs. 
Cesium migration modes have been found 1.0 be 
strongly dependent on the type of graphite under 

Some comparative resu1i.s are shown i n  Fig. 19.1. 
Curve I on the tigire presents data for a low-gas- 
perineability graphite resulting from furfur-aldehyde 
i~npregoation of a base stock material (Hawker-Siddeley 
graphite). Curve i l  presents data for a high-gas- 
permeability graphite (Great Lakes 13-327) used as a 
structural grapiiiie in the Port St. Vrain HTGR. 

The tratisieiit situation utilized in a portion of our 
analyses derives from the differential mass balance 
relationship given by 

study. 

_ _ _ . . _ ~ _ _ _ _  

1.  13. J. de Nordwall. J. 0. Kolb, F. 1:. Dyer, and W. J .  
bbxtin9 "Fission Product Behavior in the Coolant Circuit of the 
Peach Bottom HTGR," CCh' Progrurns Prop. Rep. Dec. 31, 
1972, ORNL-4911 (March 1974). 
2. R. B. Evans lil and M. T .  Morgan, MutJietnaficul Descrip 

tim of Fission Product 7>aLarisport iiz Couted Particks During 
Piistirradiution Anneals, ORNL-4969 (June 1974). 

3. M. T .  Morgan, 14. J. de Nordwall, and R. I,. Towns, Release 
of t;i,sxir.sir?n ProcIucts Jrom Pyryrocarhon Coated HTGR Aiel  
Particles During Posiirradiatiun Anneuls, O R N L T M 4 S  39 
(December 1974). 

a z c '  acp 
a t  

D P= E ........ , 

T h e  units selected for i.he constants and variables in Eq. 
(1) are somewhat specialized, since the system is set up 
to allow easy inclusion o f  gas-phase contributions. Thus 
the diffusion coefficient. I), has units of pore volurne 
per time-bulk length product. The concentration, C[] ~ 

has units of moles (gaseous arid ndwrhed cesium) per 
pore volume; the variable bulk length, x, along the 
diffusion path, is the position coordinate. Finally, E 

represents the porosity 01 pore to bulk volume ratio, 
and t represetits time. 

Experiments are initiated by placing cesium, with 
about 30% of  the 7Cs isotope, on the surfaces of 
diffusion specirriens in the form of cesium oxides 
derived from an aqueous solution. During heating to the 
diffusion anneal temperature under pure heli i m ,  the 
oxide converts (at about 500°C) to the metal, which 
produces an impulse \vi111 strength Q 0 ,  moles per cm2 
of surface area normal to x. If  the diffusion anneal tinle 
is short, the solution to  Ey. (1) is simply 

The preexponentid term is the time-variable surface 
concentration C;,(O, t). Conversion to bulk concentra- 
tions, Cr(x, f), is accomplished by multiplying both 
sides of Eq. (2) by e .  

Slicing up small specimens to determine concexitra- 
tiori profiles directly can be ail extremely arduous and 
time-consuming task - particularly when one niust 
contain and collect quantities of contaminated dry 
graphite dust. We prefer to  section by griiiding away 
portions o f  the specinlens (using kerosene iis a cutting 
fluid) and measuring FK, the fraction of total activity 
remaining, as a function of grinding distance. The 
subsequent equation is 
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REDUCED PENEiHATiON, u =  %J$,NO UNl lS 

Fig. 19.1. Graphical presentation of cesium penetration data for iws different nuelemgrade gaphites. All  solid curves rcpreseiit 
solutions of I:q. (5) for various T values. Data on  cuwe 1 are for two diffusion speciiiiens that eshihitcd i d e a l i m i ,  T = 0.  behavior. 
I h t a  on curve JI indicate plate-out or trapping effects 

A plot of this function appears as the 'i = 0 wive  on 
Fig. 19.1 (i.e.. curve I). All the Hawker-Siddeley 
graphite data fall on the csIrve far Eq. (3 ) ,  and nearly all 
the 1 3 7 C s  tracer, as Qo ,  was engaged in tlie diffusion 
process. Additional information appears in Table 19.1. 
Note that the diffusion coefficients are based on  the 
determination of tlie factor by which the experi- 
mentally detcrinined x values must be multiplied in 
order to n1ak.e them fall on the correct 11 values at 
appropriate FR values. This factor is m. 

Based on considerations set forth by Rodliffe4 and 
Wichners using extrapolated gas-adsorbed phase equi- 
librium data for cesium-graphite systems, oiie must 
conclude that gas-phase transport is negligible in the 
case of data for c u m  I .  Mosl of the cesium diffuses 
along surfaces in a highly idealized fashion. 

When the same experiments are performed with 
13-327 graphite, notable deviations from idealized he- 
havior arc observed. First. only part of the Q,,, placed 

4. R. S. Rodliffe, The Efyect of' Flow oil Muss Trmsport of 
an Absorbing Radioactive Species in rl Porous Medium, United 
Kingdom CEGB Report. RD/B/N2375, 27:12473 (Septernbcr 
1972). 

5. Chem. Tech. Div. Internal Communication, R. P. Wichner 
to R. B. Evans 111 (December 1974). 

on the sui face initially, diffused into the spccimen; the 
residual was irnimobilizcd and remained very closc to  
the x = 0 surface. Seccnd, the profiles tended to be 
linear with penetration and did not exhibit the down- 
ward curmture (on semilog paper) that one would 
expect if Eqs. (2) and (3) were being followed. In fact, 
the curves are reminiscent of those obtained when one 
examines profiles for an immobilized daughter of a very 
rnobilc noble-gas precursor after diffusion into graphite 
under quasi-steady-sta tc conditions.6 The conclusion is 
obvious: a trapping effect must have been occurring at 
the x = 0 sur6dces and along internal pore surfaces as 
well. .lo account for these effects. deep profile data 
were extrapolated back to x = 0 to eliminate specitnen 
surface trapping cffects. Then possib!e ~nechanisnis of 
internal trapping were explorcd. i h e  first inclination 
was to add a first-order-reaction rate tern; like 

to  the right-hand side of Eq. (1) and then to examine 
applicability of  the integrated results. IIere, rt is the 

6.  R. B. Evans i I I ,  J .  L. Rutherford, and A. P. Malin;iriskaq, 
GUS Tmnspori in MSRE M o d w ~ m ~  Graphire Parts II arid Ill, 
ORNL-4389, p. 32 ,  Fig. 1 3  (May 1969). 
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Table 19.1. Cesium diffusion results for two nuclear-grade 
psaphites as shown on Fig. 19.1 

Curve I 

(impregnated) 

Great Lakes graphite Milgmtioti par meters Hawker-Siddeley graphite 
(H-327) 

Diffusion time, min 1260 70 
Penetration, Y, at  0.093 0.096 

I7R = 0.5, cm 

DIE, cmZ /sec 

Q 0 ,  pmoles/cmz 

+o, t’), pmoles/cm3 

Bulk diffusion coefficient 1.2 x 10-7 7.9 x 

~ i n o u n t  of tracera 3.66 x (1.83 x 

Final. surface concentr3tion 2.10 x 1.28 x 

- ............... ~- . .. ___ 
aCesiuin-l 37 isotopes plus nonradioactive species. 
bAnmuni engaged in diffusion process; total amount was 2.37 A IOu3  pniole/cm2. 

where 

The coiiespondiog fiaction-remaining expression for 
our sec tionuig proceduie is 

e-- 2247 erfc (7 -- u ) ]  . (5) 

Figure 19.1 shows that data for €1-327 graphite give d 
good correlation when one muiiies a value of 7 = 1.25 
(curve Il )  for this particular experiment. This gives a 
positive indication that the trap model, as explained 

ferent boundary c ~ n d i t i o a s . ~  However, it rather poign- 
ant feature of perfomling long-term experiments with 
I-1-327 graptiites should be noted. After a relatively 
shot-1 titne, the vdue uf T overwtielrns the value of u. 
Cornplernenlary error funclioris like erfc (T rt u)  fade 
away at  T > 2.0; diffusion information from discrete ii 
valucs is lost; and the only infomation that can be 
gained in this case is a value for the grouping, 2ur/x, 
which is obtained from the slope of the curves on Fig. 
19.1 a t  high T values [see also first tenti of Eq. (S)] . 
The value of this group is dEk/8. While this value may 
comprise adequate infonrration for reactor analyses, it 
is not sufficient for niechanistic studies. [t .would 
appear that a complete picture of  cesium diffusion in 
highly permeable graphites can only be gained through 
properly tii-ned laboratory experiments. 

in-pile experiments, using the same graphite but djf- 1974). 



20. Miscellaneous Programs 

20.1 RESOURCE STUDIES 

The Chemical Technology Division continued to 
contribute to O W L  interdivisional efforts on resources 
and energy analyses. Preparation of a 400-page book, 
World Energy Conference Siiwey of Energy Resotma. 
1974, was completed in August 1974 by M. E. Goeller 
and W. L. Carter. This work, sponsored by the AEC 
Office of Planning and Analysis. included a world 
review of coal, oil, gas. oil shale. hydraulic, nuclear, and 
renewable (solar. wind, tidal, geothermal, and ocean 
thermal gradient) energy resources with new estimates 
from 70 nations that cooperated i n  the effort. About 
5000 copies of the book wcre printed by McCregor and 
Werner, Washington, D.C.; 2500 copies were distributed 
to attendees from nearly 100 countries at thc World 
Energy Conference held in Detroit in Septcmber 1974, 
and the remainder are on sale by i l ~ e  Joint Engineering 
Council, New York, and the World Energy Conference 
Central Office in London. 

O W L  will in all likelihood continue in the prepara- 
tion of future surveys. provided that funding can be 
arranged. Members of the World Energy Conference are 
anxious that we continue this work but are also 
entertaining proposals from other national committees. 

The Division, represented by H. E. Goeller, also 
participated in the LMFRR Program Review Group at 
AEC Headquarters during the fall of 1974, particularly 
with regard to  a reevaluation of U S .  and world reserves 
and resources of uranium and thorium and their 
adequacy for a nonbreeder energy industiy. It was 
gencrally concluded that without the introduction of 
commercial breeders in the early 1990s, 173. and world 
resources of nuclear fuels will be insufficient to supply 
a nonbreeder industry beyond the early decades of the 
next century. This work is summarized in ERDA-I, 
Report of the Liquid-Metal Fast Breeder Reactor 
PTogrum Review Group (January 1975). 

Early in 1975, H. E. Goeller became a member of the 
ORNL Program PlanniIig and Analysis Office and is 
continuing general studies on nonrenewable resources. 

'The purpose of these studies is to seek out areas where 
there i s  an early need of t-esource conservation, im- 
proved recycling of metals and development of substi- 
tutes for those elements in jeopardy of exhaustion. and 
to determine where ORNL expertise and facilities may 
be sequestered to provide needed research and develop- 
ment. 

11. E. Goeller is also participating in a study on the 
rational use of potentially scarce metals being con- 
ducted by the Scientific Affairs Division of the North 
Atlantic Treaiy Organization (NATO). 'This study is 
examining the present world demand, production, 
consumption, and uses of about a dozen scarce metals 
and is appraising the possibilities for increased recycling 
and substitution, pal ticularly for dissipative uses. A 
substudy on mercury has now been completed. The 
findings of the NA'r0 study group will be summarized 
in a report scheduled to be coinpleted by the end of the 
calendar year. 

20.2 STZJDIES IN~VBLVING TESTS 
OF OBSOLETE CASKS 

In recent years there has been a great deal of intercst 
in safety aspects of nuclear-related programs. The 
transportation of radioactive materials produced in the 
nuclear fucl cycle has generated considerable discussion, 
since some of these highly radioactive materids are 
moved through the public sector; these movements 
must be accomplished with a high degree of safety and 
confidence. 

At present, the proof that containers used to trans- 
port radioactive material will be safe. even in severe 
accidents. is based on engineering calculations and, in a 
few cases, model testing. Large, full-size casks are being 
destructively tested to develop the necessary data base 
in an effort to convince the public that the package 
behavior can be predicted with confidence. The ERDA 
Division of Waste Management and 'Transportation 
( W T )  has organized an advisory committee to provide 
guidance for the program. 
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I n  the past year, a 7000-lb cask was tested twice by 
dropping it from 30 ft onto an armorpiate surface o f  
reinforced concrete impact pad at. tlie ORNL drop test 
hcility. ‘These drops provided engineering data arid 
information on the adequacy of the instrunmitation 
used lo record dynamic data throughout the test 

T h p s  of heavier casks will take place at the Tower 
Shielding Faci!ity (TSF), wliich has a great lifting 
capacity hut  lias lacked a surface upcm which to drop 

s. A study of the capacity of the TSF indicates that 
casks possibly weighing as tnuch as 40 tons c d d  be 
dropped from :ibout 240 ft .  Results of the study were 
suhrnitted to  an internal (CIRNL) safety review coni- 
mitlee and approved. Based on this study, a conipietc 
sarety analysis was written and is being submitted to 
the Oak Ridge Operations Office of EKDA for ap- 

A 23-ton Heavy-Water Components ‘Test Reactor 
(BWCTK) cask was received from the Savannah Kivcr 
Operations Office. A test plan was tkreri writteri aiid 
submitted to the WhlT a11viso1-y crmniittee. Based on 
their comments, the plan was updated and the cask was 
modified. 

A temporary impact pad, weighjrrg about 110,0019 Ib, 
was designed and iristalled at the TSF t o  accommodate 
some interim testing. We expect 60 make several drops 

temporary impact pad and The towers under drop 
conditions. The Paducah release mechiisin will be used 
to make these drops. This mechanism was redesigned 
and remodeled to iricrease ils lifting capacity to  more 
ne;irly match the capability of  the towers. Following 
these initial tests, the HWCTK cask will be dropped 30 
ft at an oblique angle onto the temporary impact pad in 
accordance with the approved test plan. Both the cask 
and towers will be instrumented to monitor their 
behaviot. 

plOgrdll3. 

[? roval. 

of a 7000-lb cask to study the be’riavitsr of the 

20.3 DISPOSAL OF ORNL RADIOACTIVE 
WASTE BY HYDRAULIC FRACTURING 

A study was cootlucted in FY 1974 to verify that a 
site proposed for a new Shale Fracturing Disposal 
Facility at ORNL was suitable for hydrofracture opera. 
tions. An injection well and four monitoring wells were 
drilled and cased, and a test injection W;IS made using ;) 
grout tagged with radioisotope tracer. The results of the 
study indicate that the proposed site is satisfactoly. 

At ORNL, intermediate-level waste solution (waste 
with a specific activi1.y of between 1.5 X IOw6 and 2.0 
Ci/galj is being disposed of  by the stiale fracturing 

process. In this process,  he waste solution is mixed 
with cement and injected into an irxiperineable shale 
formation at a depth of about 800 ft. There the waste 
grout sets, fixing the radionuclides in the *cement 
matrix. Subsequent injections form new grout sheets 
adjacent and parallel to the earlier grout sheets. 

‘B’hi: exisl ing Shale Fract wing Disposal Facility has 
worked quite well for the disposal of intermediate-level 
waste but cannot haridle eilher slurries or wastes with ;I 

specific activity higher than 2 Ci/gal. The need for a 
disposal system for these types o f  waste i s  imminent, 
aod a new shale fracturing Facility i s  being proposed. A 
part of the preliirtinary planniiig for the facility is 
verification of the suitability o f  the selected site by a 
dernonstration that the strata are suitable, that injection 
pressures will not  be excessive (>:iUlOO ps~’)> and that the 
ftactixres formed by the injection will conFc)rm to I fie 
bedding planes (essentially l~oxizon tat). Demons tra1.ion 
of Lhese criteria requires a “site proof” injection of 
50,000 to lOO,(X)0 gal of water o r  grout tagged with :I 
radionuclide tracer that can bc detected at observation 
wells several Iiundred feet Froin the injection well. The 
orientation of the ftacturi: can then be verified by the 
comparative depths of the injeclioo and point of 
tletection. 

Pour observation wells and an injection well were 
drilled, cased, and ceincii ted at the si te of the proposed 
new disposal facility, which is ;ibout 800 ft southwest 
of the existing shale fracturing site. ‘I‘he observation 
wells were located 200 ft north, south, east, ;in3 west of 
tllrc injection well. All of the wells deviate considerably 
froni vertical ; however, in general, the five wells form a 
parallel system quite suitable for determining the 
orientation of injected grout sheets. T h e  overall trend 
of the wells js i o  tlie north-northwest (local norih) 
updip to the southeasterly dipping rocks. 

‘The two methods considc red for making the injection 
were: mixing and injecting the grout at the new 
wellhead, or  rriixiiig the g o u t  at the existjng facility 
and pumping ii overland t,o the new well. The sccond 
riierhod was chosen because better coritrol of the grout 
mixture coultl be acbieved by tnaking use of the 
instrumentation at the existing facillby. Tn the first 
option, the forinidable logistical problem of supplying 
blended solids to the mixer at a fast and constant rate 
could be avoided, and recently installed modifications 
at the exisling facility could be evaluated during ari 
hjection of’ essentially nunradioactive grout. A flow 
diagram of the equipment arrangement for the injection 
is stiowrr in Fig. 20.1. 

‘The injection proceeded srnoottily. A total of 65,700 
gal of water was mixed with the stored solids arid 
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Fig. 20.1. Flnvr diagram of cquipmend arialigeimerlt for injection. 

injected. The injected grout volume was 97,643 gal. The 
injection rate averaged 247 gpm at an average pressure 
at thc facility of 2900 psi. 

The results of the test injection were entirely favor- 
able. The injection pressures were slightly less than had 
been anticipated. Thc fracture moved out  parallel to the 
bedding and to the structure of the area by advancing 
to the three observation wells in which it was detected. 
This m a n s  that there can hardly be any important 
folding in the Pumpkin Valley shale. at least at the 
depth of the test. The completed investigations and 
tests show clearly that thc proposed new site is well 
suited to waste disposal by hydraulic fracti.rrirrg, as had 
bccn anticipated from earlier experienccs in; the general 
3Fe3. 

20.4 STOWAGE, PURIFICATION, .4ND 
DIS'IRIBUTION OF ' U 

Oak Kidge National Laboratory serves as a national 
distribution center for ' 31J. The facility includes 
shielded wells fur storing up to 454 kg of 2 3 3 U  in solid 

form (density = 1 g/cm3) and tanks (containing 
borosilicate y,ass for neutron poisoning) that can store 
900 kg of U in the form of uranyi nitrate solution 
at 3 3  U concentrations up t o  250 dliter. 'The Building 
3 100 vault, designed for storage of uniiradiated fissile 
iiiatcrials according to the latest AEC specifications,' 
was placed in service dirring this report period. 

'The storage facility accepts L 3 3 U  in the form of 
uranyl nitrate solution or as properly packaged solids. 
The solids may consist of irr:rni.unr metal or uranium 
compounds thet can he rcadily and safely dissolved in 
stainless steel equipment. 

The pui-ification facilities include a single-cycle sol- 
vent extraction system capable of purifying ' u a t  the 
rate of 25 kg/weck. An ion exchange and nitrate-to- 
oxide conversion line, with a capacity of 22 kg of 2 3 3 1 J  

. . .. . .. . . . . . . .. . . . .__ . . . . . . . . . .. 

1. R. W. Ilorlon and J.  R. Parrott, C?'iiiculiiy und Sflfety 
Analysis: Buildiiig 3100. A Storuge Vuult for Urunium u d  
Plutonium, ORNL-TM-3929 (February 1973). 



The Chemical Technology Divisjon has parlicipted in 
the Plowsliarc Program for several years by studying the 
potential behavior of radionuclides in underground 
applications of nuclear exp2osives. Our piirticipa I ion hi 
the progmrn was terniriated dur ing  the p ~ s t  year. 
Experimental studies we1-e coiripleted o f  tl ifiiirni tic- 
havivr during in situ recowr-y of oil from oil skialc. and 
a paper descritijtlg oiir studies of radionuclide behavior 
i.n copper recovery from oi-cs was submitted for 
publjcai i or i  iri the 'TYCII!SLEC~~OPZS of the S ~ c i e t j ~  o f f l h i ~ g  
,!?!?giFliX??T o f  AjibfE. The ilbsl tact fOl lOWS: 

"Rddi~otim1id.e fkhnvior in Coppet Kecnvcry with Nuclear 
Explosive?," by W. I). A r m M  and I). .I. Crousc. A h ~ t r a c t :  'The 
potential behavior of I.;idionut:lides rclc:rscd in an underground 
nuclear detonation to fracture copjxx ore Cor subscqucnt in-situ 
Cachirrg and coppet P X O V ~ J ~  w a x  studied with regard io 
contaminatinn of the c(~pp51 product and hazards to opcraliri,y 
personnel. 'l'he laboratory test rcsulrs indicate that only small 
fractions of the I;tdioac firsion product:; \~~(it1ld he d i ~ s o l ~ d  
on leachirig the o x .  T ni (;IS tritbted water) would be the 
dominant radionuclide in the ciuculaliiig leach liquor, assuming 
u s  of a liisioii explosivc. 'The test results shouicd solvent 
cxtrnction to have important iliivatltags over ceincrik~tiori for 
recovering copper frorti the leach liquors. While the radio- 
activity of t J x  coppcr metal product produced by cither 
method shoiild bc cxlrernely low, the solvent extraction process 
providcs 3 n i o ~  effective .ieparation of copptir frorll tht: 
radioactivr contaminants and entails fewer radiation protection 
probleins. For tlicsc rca'wns, it is the preferred process. 

2 P A  F 
uc IS 

The Giiidc to t!ae Sdec tion, Trukning UP& dicraizsi:.!g or  
Ctm?Jli'cutiion of Rq~rocessing Yhnt  Opn-utors was p ~ e -  
pared fo r  distribution by the ERDA Di.Jisioo of 
Opera1 ional Safety @OS). 'The rongh draft was sub- 
mitted for review to the DCPS a r d  to a 
training coordinators in the cornrnercial sect< 
in government installations. 'The review coinments were 
very frivorable, a i i d  i t  appears i h a t  the final d r a f t  can be 
presented to DOS with very lii  fli. allteratiun. 

tors is being written and i s  scbeduletl for cornpletiorr in 
TOU& draft form during the I'irst quarter of 1976. 
Sirriikir gir ides a.re planiied fo I  milling atid mir!kg, feed 
preparation, enrichment, fuel storag,e, and tra.nspcxta- 
tiun sectims of the nuclear f r ie i  cycle. 

B r o p x i l s  for FY 1976 iriclude prodix:tion of video 
Capes arid brocliures for training operaicjrs in ririmy 
sectors of the iiuclear industry. The tapes arid ~iruclaures 
would be produced mainly by Chemical Tedi~iolo~y 
Division personnel for distrilru tron by The DOS and 
would I:e ;iv:tilable 3s an aid for traiiiing progams in use 

t ,  a guide for fuel Pabri 
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by commercial processors and reprocessors of nuclear 
fuel. 

20.7 ENVIRONMENTAL IMPACT STATEMENT 
ON THE U.S. NUCLEAR POWER 

An environmcntal impact statement (EIS) on the U.S. 
nuclear power export program is being prepared by the 
Division of International Programs. The EIS will cover 
the existing program, including all activities and com- 
mitments to date, as well as a range of estimates 
projected through the year 2000. Portions of this EIS 
being prepared by the Chemical Technology Division 
include the section that provides a general description 
of the nuclear fuel cycle and the sections that describe 

the operation of fuel fabrication plants under nornial 
and accident conditions. Plants fabricating fuel for 
light-water-cooled reactors with and without plutonium 
recycle and for high-temperature gas-cooled reactors are 
considered. 'The section on the nuclear fuel cycle will 
supply as much detail as necessary to give the lay reader 
a grasp of the technical nature of the cycle. The 
sections on fuel fabrication will describe the en-  
vironmental, economic, social, and other secondary 
impacts of plants committed to fulfilling foreign re- 
quirements. Environmental considerations include the 
radionuclides released by the plants and the associated 
dose commitments of the general population. Nonradio- 
active effluents or wastes produced by the plants and 
their effect on the environment are also considered. 
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2.  Department o f  Chernistry, {Jniversily of Georgia, Athens. 
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