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1. DFSQUPI'ION OF 'IRE WMTE FORM DEVELOPMENT PROORAM 

'ttlis work is funded under the Department of Energy's National L<M
Level Waste Management Program (NLLWMP). 'ttle NLrnMP's objective is to 

"provide an acceptable Low-Level Waste Management Systen by 1988" which 

will enable disposal "of materials that have been declared as lOlrl-level 

waste in a manner which will protect public health and safety in the 

short and long terms. 11 'lbe Waste Form DevelO[IIlellt program is an integral 

part of the NLLWMP�s program to develop technology applicable to the 

entire low-level waste stream from generator to disposal. 

Low-level wastes (LLW) at nuclear facilities have traditionally been 

solidified using portland cement (with and without additives). Urea

formaldehyde has been used for LLW solidification while bitumen (asphalt) 

and thermosetting polymers will be applied to domestic wastes in the near 

future. 

Operational difficulties have been observed with each of these 

solidification agents. Such difficulties include incan�tibility with 

waste constitutents inhibiting solidification, premature setting, free 

standing water and fires. Same specific waste types have proven 

difficult to solidify with one or more of the contemporary agents. 

Similar problems are al�o anticipated for the solidification of "new" 

wastes, which are generated using advanced volume reduction technologies, 

and .,,ith the application of additional agents which may be introduced in 

the near future for the solidification of LLW. 

In the waste Form Development program, contemporary solidification 

agents are being investigated relative to their potential applications to 
major fuel cycle and non-fuel cycle LLW streams. The range of conditions 

under which these solidification agents can be satisfactorily applied to 

specific LLW streams is being determined. These studies are primarily 

directed towards defining operating parameters for both improved 

solidification of "problem" wastes such as ion exchange resins, organic 

liquids and oils for which prevailing processes, as currently emplQYed, 

appear to be inadequate, and solidification of "new" LLW streams 
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including high solids content evaporator concentrates, dry solids, and 

incinerator ash generated from advanced volume reduction technologies. 

Solidified waste fonns are tested and evaluated to demonstrate canpliance 

with waste form performance and shallCM land burial (SIB) acceptance 

criteria and transportation requirements {both as they currently exist 

and as they are anticipated to be modified with time). 
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2. OOLIDIFICATION OF ION EXCliAroE RESIN WASTES 

2.1 Characterization of Ion Exchange Resin wastes 

2.1.1 Principles of the Ion Exchange Process. 

Ion exchange is a process in which cations and anions dissolved in 

an electrolytic solution are interchanged with counter ions in a solid phase. 

Counter ions exchange on a stoichianetrically equivalent basis with dissolved 

ions of the same sign and charge. '!he structure of the solid phase ion ex

changer is not permanently altered and the process is reversible (through 

regeneration) as demonstrated � the following �ical exchange reactions: 

(D;J. 2.1) 

Anion Excbange; 

(:8;1:. 2 .2) 

where R represents the insoluble matrix of the exchanger. fkJUation 2.1 

describes the removal of strontiumr90 from a waste stream � cation exchange. 

D;Iuation 2.2 describes the removal of sulfate 1:¥ a."'lion exchange [11. 

Maqy naturally occurring organic and inorganic materials possess 

some ion exchange capability. However, with the notable exception of zeolite 

minerals, few have been utilized on a COJ!IIIercial basis. '!he majority of ion 

exchangers available for ccmnercial use today are synthetic organic resins. 

'Ihese resins are made up of a framework of hydrocarbon chains (typically 

linear J;K>lystyrene), which are crosslinked with divinylbenzene (IJJB). '!he 

degree of crosslinking determdnes the width of the framework, swelling charac

teristics, ease of ion movement, hardness, and resistance to mechanical break

datm. '!he exchange cafC�bility is imparted to the resin 1:¥ introducing fixed 

ionic groups, or functional groups. Ckle such process for cation exchangers 
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is sulfonation, in which eight to ten HS0
3 

groups are added for each ten 

benzene rings in the polystyrene structure. In this case, the so
3 

is 

bonded to the benzene ring and the hydrogen atom becanes the exchangeable 

counter ion. Figure 2.1 depicts the structure of sulfonated polystyrene 

cation exchange resin which has been converted to the Na + form [2] • 

2.1.2 Ion Excik-mge 1\Wlications in the Nuc1ear !ndustcy. 

The majority of power reactors operating in this country are light 

water reactors (uw.Rs) which utilize water for cooling and neutron moderation. 

Dissolved ionic species present in this water can lead to increased corrosion, 

higher radiation doses due to activation products and reduced neutron econQm¥ 

from uncontrolled neutron capture reactions. To alleviate these potential 

problems, ion exchanq� resins have been used to [1,3]: 

• Provide demineralized make-up water. 

• Remove radioactive contaminants such as neutron activation products 
and fission products which may have leaked from fuel elements. 

• Reduce levels of oxygen in coolant. 

• Oontrol levels of adaitives including corrosion inhibitors, neutron 
poJsons and chemical shhn (in PWRs) • 

In order to maximize effective surface area, resins are produced in 

both bead form (with diameters ranging from 0.35 to l.l5nm) and in powdered 

form. Powdered resin can have as much as 100 times more surface area than the 

equivalent weight of bead resin [4]. 

Bead resin is generally used in columns and ionic solutions are 

passed through these colUJms for purification. Resin columns can be set up as 

individual cation or anion resin colUJmS (either alone or in s-2des), or as a 

homogenous mixture of both resin types in a single colUJm (mixed bed) • Bead 

resins have the advantage of being easily regenerated. Regeneration of ex

hausted resins can be accomplished � introducing a flow of an acid solution 

for cation resins, and an alkali solution for anion resins, which displace the 

exchanged ions and replace them with fresh counter ions. Mixed bed resin 

columns are more difficult to regenerate than individual cation or anion resin 

bed colUJmS. 

- 4 -



F i g .  2.1 S truc ture of s u l fonated pol ystyrene c a t i on 
exchange re sin c ros s l in ked wi t h  divinylbenzenP. .  
(so1- i s  t h e  func t i on a l  gro u p  and Na+ i s  the 
exc nangeable coun ter i on. 
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P<Mdered resins also have the ability to remove suspended solids and 

therefore are generally used as filter precoat mate�ial. Because ion exchange 

reaction rates are controlled by diffusion, which in turn is proportional to 

surface area, powdered resins are capable of higher reaction rates than bead 

resins. 'Ihis more rapid exchange rate enables higher operating capacity 

utilization. When powdered resins are expended, they are typically disposed 

in the form of a sludge. 'lhe fact that they are not usually regenerated 

significantly increases the operating cost of powdered resin demineralization 

systems. 

cation exchange resins are available in both strongly and weakly 

acidic forms; anion exchange resins in both strongly and weakly basic forms. 

For most power plant applications, where ion exchange resins are used for 

sorbing or separating various ionic species, the strong acid and base type 

resins are more commonly used due to their ability to dissociate. On the 

other hand, weakly dissociated resins provide higher regeneration effici�ncies 

(5] . Due to the munber of parameters involved, the type and form of resin 

utilized is determined according to the specific application. 

Power reactor bead resin wastes are generally maintained in a wet 

slurry condition to allow pumping them through waste handling process piping. 

TYPically, a pumpable slurry will contain 70% resin and 30% free standing 

water, by volume. Prior to disposal, resin waste is often dewatered to remove 

excess surface water. 

2 . 1 . 3  Besin Waste Di§POsal. 

Ion exchange resin columns are scheduled for replacement on the 

basis of one of two criteria. 'Ihese are either (1) depletion of exchange 

capacity (breakthrough) or ( 2) significant personnel dose as a consequence of 

the contained radioactivity. In many cases, resin columns are scheduled for 

replacement based on the handling and exposure dose hazards associated with 

their activity, rather than their useful service life as chemical exchangers. 

Although ion exchange resin wastes account for a relatively small fraction of 

all low-level waste produced on a volume basis, they represent a significantly 

higher percentage from the standpoint of contained radioactivity [61. 
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ron exchange resin wastes, as well as other low-level wastes are 

disposed of by means of shallCM land burial. Until recently, the majority of 

resin wastes in the United States have sinply been dgwatered and packaged in 

large carbon steel liners prior to shipnent to the burial site. HCMever, at 

present the United States Nuclear Regulatory C.oo!!lission (NRC} rsquires that 

all new commercial p:Mer reactor plants licensed have the capabili t'.! to 
solidify ion exchange resin wastes [7]. Additionally, recent license 

amendments to some commercial shallCM land burial sites stipulate either 

solidification of resin waste or the use of high integrity containers for the 

disposal of dewatered resins. Draft rule 10CFR61, "Licensing Requirements for 

Land Disposal of Radioactive Waste," requires either solidification ot the use 

of high integrity containers for the disposal of ion exchange re:si11 waste 

[ 8] • HCMever, the NRC has not approved any high integrity containers and, to 

date, only limited efforts have been applied towards the develor.rnent and 

testing of such containers. 

Lind ted operating experience and past studies have indicated 

instances of poor waste form performance for ion exchange bead resin waste 

incorported in a cerrent ;oa.trix. swelling and cracking of waste for:ms, 

resulting in poor product integrity, has been demonstrated [9]. 'Ibis 

diminishes the benefits inherent in solidification. Agents investigated for 

the solidification of bead resin waste include three types of hydraulic 

cement, Envirostone {a polymer modified gypsl.Dia based cement product), and 

vinyl ester-styrene. 

2.1. 4 �ation of Simulated Ion Exchange Resin waste. 

'!be solidification of cation, anion, and mixed bed resins was in

vestigated. Nuclear Grade Amberlite ion exchange resins manufactured by the 

Rohm and Haas Carpany 
(a) were selected as representative of those used in the 

nuclear p:Mer industry. 'lhese are "gel" type synthetic ion exchange resins 

formed by crosslinking linear polystyrene with 8% divinylbenzene by weight. 

(a)Rohm and Haas Coopa.ny, Philadelphia, PA 19105 
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'!be cation form, designated IRN-77, is a strongly acidic resin and has sulfon

ic acid functionality. A minimum of 95% of its exchange sites are in the 

hydrogen form. 'lbe mi:nimum total exchange cap:acity of Amberlite IRN-77 in the 

hydrogen form is 1.8 milliequivalents per milliliter (wet) or 4. 7 williequiva

lents per gram (dry). Anion resin, designated IRN-78, is a strongly basic 

quaternary amnoniurn functionality resin, containing a minimurn 80% of its 

exchange sites in the hydroxide form \\lith a maximum of 5% in the chloride form 

and a maximum of 15% in the carbonate form. '!be minimum total exchange capa

city of Amber lite IRN-78 in the hydroxide form is 0. 78 milliequivalents per 

milliliter (wet) or 3.5 milliequivalents per gram {dry). Mixed bed resin for 

these studies was formed b¥ combining 2 parts IRN-77 and 1 part IRN-78 � dry 

weight. 

2.1.4.1 Resin LOading: "Cold" (non-radioactive) resins ware used 

for formulation developnent studies. Cation and anion resins were employed in 

their fresh, unloaded form (H+ and OH-, respectively). Mixed bed resins were 

used in both their unloaded and luaded fonns. 'lbe resins were batch loaded in 

a solution containing sodium sulfate, calcium chloride and alurnimnn nitrate to 

provide a mixture of single and multivalents ions. After soaking in this 

aqueous solution containing equal milliequivalents of the above compounds (in 

sufficient total concentration to satisfy the resin's theoretical exchange 

capacity) for at least 18 hours with occasional stirring, the resins were 

drained and rinsed five times with deionized water. 

2.1.4,2 Water content: Ion exchange resin wastes vary widely in 

terms of water content. 'lberefore, methods were employed to measure and 

characterize the water contents of various forms of resin wastes. water 

content of the resins was calculated according to ASTM Standard Test Method 

02187-77, "Physical and Chemical Properties of Ion Exchange Resins," [10]. 

This procedure involves the determination of the mass loss upon drying of 

resins in a gravity convection oven at 110°C for 18±2 hours. Water content is 
then calc�lated as follows: 

'it. of wet resin - wt. of dry resin xlOO 
wt% water = ------------------------- cna:. 2.3> 

wt. of Wtt reclin 
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The water content of as-received resin was measured and compared 

with values calculated for typical slurry and dewatered bead resin waste 

streams. Tb facilitate t.�is comparison, a 70/30 vvlurr� ratio of settled resin 

to free standing water was used to produce a simulated slurry waste in the 

following manner. Resin saturated to equilibrium in deionized water was 

placed in a graduated burette. 8¥ introducing a flow of deionized water at 

the bottom of the burette, the resin bed was expanded 'ltMards, classifying 

particle sizes and removing pockets of air. The flow was removed, allowing 

the resin to settle by gravity. The volume of the resin bed was measw:ed 

after settling, and by using the ratio stated above, total volume and free

standing water volume were calculated. The height of the water level was ad

justed to the desired value (70/30 volume ratio) by draining the excess water. 

For the purposes of this report, dewatered resin will be defined as 

resin saturated with water to equilibrium, with all observable free standing 

water decanted from above the settled bead resin surface. Dewatered resin was 

prepared in the same manner as the resin slurry, with the exception that the 

excess water above the settled resin bed was removed. 

In practice and as defined above, dewatered resin will still contain 

a substantial amount of water (as much as 66 wt% for IRN-77 and 77 wt% for 

IRN-78). Mc::>t of this moisture is sorbed within the resin beads and when 

solidifying in a cement media is unavailable for hydration of tl1e cement. 

The remaining portion (approximately 10-15 wt%) is loosely held by electro

static forces in the interstitial spaces between resin beads. This inter

stitial water can be directly utilized by the cement to further the hydration 

reaction. 

In order to present specimen formulations that reflect the actual 

water available, a method was devised to remove most of the interstitial 

water. Polymethylpentene containers with tight fitting screw cap lids were 

modified to accept a low pressurE· (5-10 psi) air line and a 2.5 em diameter 

filtered drain. This apparatus is shown in Figure 2.2. In this method, 

saturated resin is placed into containers which are inverted and held under 

pressure (5-10 psi) for at least ten minutes or until no moisture is visibly 

draining. Resin prepared in this manner is termed "danp resin." Although the 
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percentage of water in dclnp resin closely corresponds to measured values for 

as-received resin, tl1is proc�dure assures both saturation of the resin with 

water and uniformity of water content. 

As waste handling techniques in actual ag>lications are diverse, the 

percentage of total water in so-called dewatered and slurry resin wastes may 

vary. In order to provide waste form formulation data in a consistent manner 

that can be universally applied, the aiOOunt of ion exchange resin in waste 

form formulations is reported as weight percentage dry resin. 'Ihrough deter

mination of the dry resin content of any ion exchange resin waste stream, the 

results determined in this study can be directly ag>lied to actual in-plant 

conditions. water content information for the various resin types and forms 

employed is Sl.Dmlarized in Table 2.1. 

Table 2. 1 

Resin � A5-Receive(1 
IRN-77 53.6 

IRN-78 66.5 

Mixed Bed 57.9 

Weight Percent water In Resin Wastes 

Weight E!�t:�� Nat&t: 

Dal!p
(a) Dewatet:ed 

54.9 65.7 

65.6 77.2 

57.6 72.0 

(a)represent average values, actual wt %  water way vary± 3%. 

Slugy 

75.0 

83.6 

79.6 

2.1.4.3 Pensity: Densi� measurements for these ion exchange 

resin wastes are listed in Table 2.2. 
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Resin� 
IRN-77 

IRN-78 

Mixed Bed 

Table 2.2 Resin W��te ��Eity 

Peosi.t,y, gLcm
3 

As-Received � ))ewatered 
1.26 1.34 1.17 

1.11 1.23 1.10 

1.21 1.28 1.15 

Slurry 

1.08 

1,03 

1.06 

2.1.4.4 pH: '!he pH of as-received ion exchange resins was measured in 

a slurry condition with demineralized water. Measured pH values were 3.0 for 

cation resin (IRN-77) , 10.3 for anion resin (IRN-78) and 8.5 for mixed bed 

resin (two parts cation to one part anion resin by weight) . '!he r.:H of actual 

resin wastes depend largely upon the extent of resin depletion. FUlly de
pleted resin wastes will typically have a pH of awroximately 7. '!he pH also 

depends somewhat upon the pH of the liquid stream being demineralized by the 

ion exchange resin. 

2.2 �tion with HYdraulic CementS .. 

Hydraulic cement is the most widely used solidification agent for 

101>'-level wastes in the United States. Portland cement is the primary hy

draulic cement produced and is used extensively for radioactive waste solidi

fication. Portland type I and portland type III cements, as well as high 

allmlina cement were selected for e:xa;nination in these stuc1ies. 

Portland cement is primarily a mixture of calcium silicates (di

calcium silicate, c
2

s, and tricalcium silicate, ss) with smaller prcpor

tions of tricalcium aluminate and tetracalcium aluminoferrite, as shown in 

Tables 2.3 and 2.4. "IYPe III cement has a lower c
2

s content and higher ss 

content than type I cement. As a result, type III cement exhibits higher 

strength for shorter set times than type I cement. liigh alumina cement con

sists primarily of monocalcium aluminate with a relatively small percentage of 

- 12 -



sili('..ate and ot.ller materials (Table 2.5). It harde..--as ir.ore rapidly than �rt-
land type 1 cement and can achieve strength in one day equivalent to that 

found in portland type I cement after one roonth. 

Table 2.3 Principal �unds Present in Portland Cements 

Cootpound Formula Abbreviation 

Tricalcium silicate 3caO•Si02 ss 
Dicalcium silicate 2caO·Si02 c2s 

Tricalcium aluminate 3caO·A12o3 SA 
Tetracalcium aluminoferrite 4caO·A!2o3 Fe7.o3 c4Afi• 

Table 2.4 Ccxrp:lund Collp>sition of Portland Cements 

Coolpound Canposit:ion, wt% 

TYPe of Cement ss ss SA c4AF 

I.  Normal 45 27 11 8 

III. High early strength 53 19 10 7 

Adapted fran� [11) 

Table 2.5 Cootposition of High Alumina Cement 

Coo!pound Formula Collp>sition, wt.% 

Silicate Si02 8-9 

Alumina Al203 40-41 

Lime cao 36-37 

Ferric Oxide Fe203 5-6 

Ferrous Oxide FeO 5-6 

Adapted fran: [20) 
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2. 2. 2 J''ormulation Deyelcu;ment. 

PrE!Vious work considering the solidification of ion exchange resin 

wastes with portland cements indicated instances of waste form expansion which 

resulted in low product integrity and/or waste form disintegration [11,12]. 

'Ibis behavior was sho.m to be a function of both :resin type and resin content 

in the waste form. 'Ibis loss of waste form integrity is postulated to be a 

result of resin swelling/shrinking due to competition between tl1e cement and 

resin for water anCVor the adsorption of soluble cement species during solidi

fication [9]. 

Studies were performed to determine the range of acceptable formu

lations for the solidification of ion exchange resin waste in hydraulic ce

ments. The acceptability criteria imposed require the resultant waste form to 

be a free standing monolithic solid with no crainable free standing water. 

Waste forms are also required to m.�intain their integrity during a two week 

immersion test in demineralized water. '!be water immersion test is taken to 

be indicative of loa�-term waste 1...:.rm integrity. 'lbe volume of water employed 

in this test is based upon the proposed ANS 16.1 leach test which requires 

that VJS = 10 em, where VL is the water volume and S is the external geanet

ric surface area of the specimen [13]. 

Ftrmulation specin�ns were mixed using a 1/6 horsepower planetary 

action mortar mixer {Hobart Model N-50) in the following manner. Cement was 

weighed out ani placed in a stainless steel mixj_ng bowl. Ion exchange resin 

and water were weighed separately and then mixed toger�er before being added 

to the mixing bowl. Tne constituents were mixed at lew speed (approximately 

120 rpm) for two minutes. '!be mixture was then transferred into individual 

160 m1 cylindrical rolyethylene specimen preparation containers and the con

tainers were capped to prevent evaporative water loss. Each specimen contain

er was then placed on a vibration table {operated at low amplitude) for ap

proximately thirty seconds to dislodge any air bubbles that might be present 

within the formulation. '!be resultant waste form specimens were approximately 

4 . 7  em in diameter and 8.5 em high. At least two replicate specimens of each 

formulation were prepared. 
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Formulations were initially evaluated for workability . Sufficient 

water must be present in any cement-resin waste mixture to provide adequate 

workability (or mixability) • Good workability is required to provide a haoo

geneous mixture in a reasonable time using conventional cement mixing tech

niques. When insufficient water is added, t11e mix is dry and friable and does 

not have the consistency necessary to produce a harogenous mixture or waste 

form after curing. The determination of these mixability limits is somewhat 

subjective and partially depc:ndent upon the mixing method. '1\1ese limits were 

found by taking cement-resin mixes that were not workable and slowly adding 

water until an adequate mix consistency was achieved. 

TWenty-four hours after preparation, formulations were examined for 

free standing water. Those formulations having any observable free standing 

water in one or more of the formulation replicates were considered unaccept

able. While free standing water in cement systems may decrease after longer 

cure times due to continuing hydration , this conservative approach was used in 

order to develop reliable formulations for full-scale waste forms. Those 

formulations that solidified and had no free standing water after twenty-four 

hours were cured i· their containers for a total of fourteen days at roan 

temJ?E!rature. After curing for fourteen days, the specimens were removed from 

their preparation containers to verify formation of a free standing monolithic 

solid. A number of portland type III cement-cation resin formulations exhib

ited excessive cracking and swelling and, as such, were considered unaccept

able. Acceptable formulation specimens were then subjected to a water immer

sion test. 

A large number of formulations were prepared ar.d tested to determine 

satisfactory formulations and to investigate the effects of cement type, resin 

type , resin loading and water content. This information has been put into the 

form of ternary compositional phase diagrams defining composition envelopes 

for acceptable formulations. The compositional phase diagrams developed for 

the solidification of ion exchange resin waste with portland cement are shown 

in Figures 2 . 3 ,  2.4 and 2.6-2.8 .  The compositional phase diagrams for the 

solidification of mixed bed ion exchange resin waste with high alumina cement 

is included as Figure 2.5. These COI!q?OSitional P'lase diagram express formu

lations in terms of weight percentages cement, dry resin and water (total 
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water consisting of water associated with the resin waste plus added water:, if 

any) . Envelopes of those formulations which successfully withstood the two 

week inmersion test are indicated cy lightly shaded areas. 'Itlose formulations 

which failed the immersion test or displayed excessive cracking or swelling 

after curing are indicated by the more heavily shaded areas. Formulations 

which contain the minimum water necessary to form a haoogeneous mixable paste 

fall on the line labeled nmixability limitn. Regions of formulations which 

yielded observable free standing water after twenty-four hours are also indi

cated. 

Cornposi tiona! P,ase diagrams are intended as a guide to assist in 

determining constituent formulations for successful waste form solidification. 

Due to the marked variability of results with changes in solidification param

eters ( resin loading in particular ) ,  formulations which fall at the boundaries 

of acceptable limits may not provide good reproducibility. It i s  advisable, 

therefore, to avoid these boundaries whenever possible. In addition, quali� 

assurance testing of full-scale waste forms to demonstrate the applicability 

of a given cement-water-resin combination is recommended. 

Quantities of ion exchange resin waste are reported on the composi

tional phase diagrams as weight percentages of dry resin. �ical resin waste 

streams, however, are either dewatered or are in the form of a resin slurry, 

each of which contains a considerable percentage of their total weight as 

water . 'lhe following procadure may be used to adapt information from composi

tional p.ase diagrams to any given bead resin waste stream: 

1) Select formulation weight percentages of cement (C
f

) ,  total 

water (W
f

) and dry resin (R
f

) from the appropriate compositional 

phase diagram. 

2) Determine the weight percentage of water (wt% W
waste

) and dry 

resin (wt% DR) in the resin waste steam according to ASTM 
standard test 02187-77 . 

3 ) Determine the quantity of the resin waste stream to be solidified 

(WS) and calculate the aJOOunt of dry resin (IR) and water 

(W
waste

) in this quantity of waste : 
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DR = WS (wt% DR) (Ek:j. 2 . 4) 

(Ek:}. 2 . 5) 

4) Calculate the quantity of cenent required (C) by applying the 

following equation: 

DR 
C = - (Cf) R

f 
(Ek:j. 2.6) 

5) calculate the for:mulation water requirements (W) according to: 

DR 
W = - (Wf) R

f 
(Ek:}. 2.7) 

(6) Subtract the quantity of water contained in the waste (W
waste

> 

fran the for:mulation water requirement (W) to determine the 

amount of water which must be added or removed frcm the waste 

stream: 

W��rr 
= W - w

waste (Ek:}. 2 .8) 

A positive Wcorr indicates water must be added, while a .<legative value 

indicates excess water must be removed from the waste stream. (Note that 

application of the Wcorr term will change the total quantity of the waste 

stream to be solidified. )  

2.2.3  Effect of Cement �. 

Unloaded mixed bed resins were solidified with portland type I, 

portland type III and with high alumina cements to determine the effect of 

cement type on acceptable formulations. These compositional phase diagrams 

are shown in Figures 2 . 3 ,  2 . 4  and 2.5,  respectively. 
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2.2.3.1 Port1and Oement: Initial studies indicated that portland 

type III cement formulations were capable of incorporating larger quantities 

of water than portland type I cement formulations and meet free standing water 

and immersion criteria. Therefore, subsequent studies concentrated on ��e use 

of portland type III cement. The minimum water requirements for workability 

( mixability limit) were similar for both cement types. Figure 2.9 coopares 

the results of water immersion tests for unloaded cation resin solidified with 

portland types I and III cements. These formulations incorporate the same 
type and form of resin waste and have the same waste--to--cement ratio and water

to cement ratio. � III cement also appears capable of incorporating more 

ion exchange resin in waste form formulations than portland type I cement. 

2 .2.3 .2 High Alumina Oement: Formulations of mixed bed resin 

wastes solidified in high alumina cement exhibited more free standing water 

than those of portland type III , but sanewhat less than those of portland type 

I .  The minimum water requirements necessary to provide adequate workability 

were similar to those found for the portland cement . 

The results of the immersion tests revealed a distinct advantage of 

high alumina cement for the solidification of ion exchange resin wastes. None 

of the high alumina cement specimens •mdergoing two week imnersion tests 

showed any evidence of cracking, swelling or crumbling. Such examples, of 

failed structural integrity were common in the immersion tests for portland 

cement formulations. 

2.2.4 Effect of Resin � and Loading 

Anion , cation and mixed bed resins yielded unique regions of accept

able formulations . Anion resin produced a wide region of free standing water 

but was not susceptible to swelling and cracking during immersion testing. 

The compositional phase diagram for anion resin solidified with portland type 

III cement appears in Figure 2.6. 

Although less restricted by free standing water problems, the per

formance of cation resin solidified in portland cement was limited by exces

sive swelling and deterioration of mechanical integrity both after curing and 
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in immersion testing. Based on these results, the phenomenon of swelling and 

cracking of ion exchange resin waste forms can be directly attributed to the 

presence of the cation form of the resin. Figure 2.7 is the compositional 

phase diagram for cation resin solidified with portland type III cement. 

Figure 2 .10 compares the effects of increasing cation resin content in port

land � III cement waste forms in immersion testing. As shown in this 

figure, these specimens have dry resin-to-cement ratios of 0 .13 , 0 .15, and 

0 .18 which correspond to 7 ,  8, and 9% dry resin by weight in the formulations. 

The ternary compositional phase diagram developed for the solidifi

cation of mixed bed resin with portland type III cement is shown in Figure 

2.4. The resultant envelope of acceptable formulations is similar to that 

observed for the cation resin. While the diagram does shew same of the char

acteristics of anion resin solidification, the behavior of mixed bed resin is 

dominated by its cation resin component. 

A nuch larger acceptable formulations envelope was observed for the 

solidification of loaded mixed bed resin with portland type III cement. These 

results are shown in Figure 2 . 8 .  Fewer formulations failed by the free stand

ing water criterion than with unloaded mixed bed resin. Figure 2 .11 shows the 

effect of irrmersion testing for otherwise equivalent formulations of tmloaded 

and loaded mixed bed resin waste forms. 

2 . 2 . 5  Effect of waste=to=Cement Batio. 

The ratio of the weight of dry resin to the weight of dry cement is 

the waste-to-cement ratio, (W/C) • The ruoount of resin that can successfully 

be incorporated in a given formulation is a function of cement �' resin 

type, and water-to-cement ratio. Maximum waste-to-binder ratios for various 

resin-cement combinations are summarized in �bles 2.6 and 2.7. �ble 2.6 
represents resin loadings compatible with the formulation criteria of a free 

standing monolithic solid with no free standing water. T.able 2.7  represents 

the maximum waste-to-binder ratios for those formulations which met these 

criteria and also maintained their integrity after immersion in water for two 
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"" 
a-

Cement TYPe 

Portland '.tYJ?e III 
Portland TYPe III 
Portland Type I 
Portland TYPe III 
Portland Type III 
High Alumina 

Cer.�ent Type 

Portland Type III 
Portland Type III 
Portland Type I 
Portland Type III 

Portland '.tYJ?e III 
High Alumina 

TABLE 2.6  

Maximum Resin Loadings for Formulations Satisfying Initial Criteria 

Cement 
Resin TYPe Wt % 

loaded mixed bed 25 

mixed bed 27 

mixed bed 27 

IRN-77 35 

IRN-78 31 

mixed bed 38 

Water Dry Resin 
Wt % Wt % 

48 27 

48 25 

48 25 

39 26 

49 20 

39 23 

TABLE 2. 7 

Available 
Water/Cement ( ) 

Ratio a 

.90 

.58 

. 49 

.45 

.so 

. 15 

Maximum Resin Loading� for Various Cement/Resin Combinations 
Satisfying Initial Criteria and Passing TWo week Immersion Test 

Available 
Cement Water Dry Resin water_(Cement (a) Resin TYPe Wt % wt % wt % RatlO 

loaded mixed bed 22 53 25 1 .34 

mixed bed 52 35 13 .32 

mixed bed 58 31 11 . 29 

IRN-77 59 29 12 .32 

IRN-78 31 49 20 . so 

mixed bed 38 39 23 .15 

(a) Water/Cementavail as described in Section 2.2.6 .  

(b) Dry resin/cement by weight. 

Waste( Cement (b) RatlO 

1 .08 

.93 

. 93 

.73 

.63 

.59 

waste(Cement
(
b) Ratl.O 

1 .14 

.25 

.18 

. 20 

. 63 

. 59 



weeks. Alternatively, the amount of resin in each formulation is also expres
sed as a dcy resin percentage of the total formulation weight. '!be waste-to
cement ratio can be derived from oompositional phase plots � dividing d� 
resin weight percent by that of cement. Figure 2.10 is a photograph of an 
i.nrnersion test depicting the effects of increaBing waste-to-binder ratioa in 
otherwise equivalent samples. ' 

2. :2.  6 Effect of Water-to-cement Ratio. 

Water-to-cement weight ratios are typically used to determine the 
quantities of each constituent in a cement mixture. When solidifying ion 
exchange resin wastes, however, a portion of the total weight percentage of 
water contained in the cement-waste mixture is absorbed within the resin beads 
and thus is not directly available for hydration of the cement. A distinction 
is made, therefore, between the available water-to-cement ratio, and the true 
water-to-cement ratio. 

'!he ratio of the weight of all the water included in the formulation 
to the weight of cement is defined as the true water-to-cement ratio and is 
e:!-.?ressed by : 

where, 

W/Ctrue = 
(W + W. + W + W ) ar l.W sw m 

cement 

War = water absorbed in the resin 

Wiw = interstitial water in the waste 

Wsw = settled water in waste 

Wm = water added for mixing 

(Ek;I. 2 . 9) 

'lbe ratio of the weight of water available for cement hydration, to 
the weight of cement is defined as the available water-to-cement ratio, and is 
given by the following expression :  
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W/Cavail .  = 
(W . + W + W ) 1W sw m 

cement 
(D;I. 2.10) 

By removing the interstitial and settled water as outlined in sec
tion 1 . 4 . 2 ,  these terms (Wiw and t'i'sw) can be eliminated from Equations 2 . 9  

and 2 . 1 0 .  

Water-to-cement ratios listed i n  Tables 2.6 &id 2.7 represent avail
able water. True water-to-cement ratios as expressed � Equation 2 .9 can be 

taken directly from compositional phase diagrams � dividing the weight per
cent of water � that of ccr,,ent. 

Water-to-cement ratios were varied over a wide range to determine 
the minimi.Dll water necessary for mixabil ity and the maximum water allowable 
without free standing water formation or insufficient mechanical integrity. 
The effects observed were unique for each resin/cement combination. Figure 
2.12  is a photograph of specimens undergoing immersion testing which demon
strates the effect of increasing water-to-cement ratios on mechanical integ
rity for cation resin wastes solidified with portland type I cement. 

2 . 2 . 7  Modifications to rrnprove Waste Form Integrity. 

As a result of the relatively narrow range of acceptable formula
tions determined for the solidifie8tion of ion exchange resin waste with 
portland cenent, work was conducted to investigate modified portland cement 
systems . Attempts to improve the mechanical integrity of portland cement
resin waste forms focused on 1)  pretreatment of the resin waste to minimize or 
prevent shrinking/swelling effects and 2) the modification of the cement 
matrix itself to provide additional strength . 

2.2.7.1 Resin Pretreatment: Since dle poor mechanical integrity 
of solidified ion exchange resins in portland cement is attributed to the 
shrinking/swelling of the resin oeads in the hydrated cement, methods of 
reducing this phenomenon were investigated. One approach involved coating of 
the resin beads to limit their interaction with moisture and cationic species 
available in the ce�nt. Tb this end, the use of several materials was 
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examined including vinyl ester·-styrene, water extendible polyester, sodium 

silicate, and furfuryl alcohol . A second awroach involved the introduction 

of various calcium compounds to the ion exchange resins prior to solidifica

tion to reduce ionic interaction with the cement. 

Previous experience indicated that mixed bed ion exchange resins 

loaded with NaCl , yielded solidified waste forms of poor integrity and which 

were most susceptible to swelling and cracking in immersion. NaCl loaded 

mixed bed resins were therefore used to determine if potential modifications 

or techniques were able to provide significant improvements. The various 

methods of resin pretreatment are reviewed below and the results of these 

techniques are summarized in Table 2 . 8 .  

1)  Vinyl ester-.:.cyrene (VFS) - This thermosetting polymer marketed 

1¥ Dow Chemical Co. ,  Midland, MI , is currently being used in conjunction with 

a promoter/catalyst system to solidify low-level radioactive waste at u.s.  
nuclear power plants. For this work, however, uniniated vinyl ester-styrene 

monomer was utilized to pretreat i 0n exchange resin prior to solidification 

with portland cement. 

Since the VES is a liquid resin not miscible in water, pretreatment 

of damp or slurried ion exchange resin waste required the creation of a VES

waste emulsion. This was accomplished using a variable speed air pc:Mered 

laboratory stirrer (Arrow Engineering Co. , Hillside, NJ) , gradually adding VES 

to the ion exchange resin slurry and mixing for awroximately 10 minutes. 

This mixture was then added to the portland type III cement and mixed in the 

same manner as previous cement-resin formulations. 

2) Water extendible polyester (WEP) - Use of this uniniated monomer 

as an exchange resin pretreatment for portland cement solidification was 

outlined by Buckley and Speranzini [14] . Aropol WEP 662 (Ashland Chemical Co. 

Columbus, OH) utilized for this stuqy is also non-miscible with water and 

required the formation of an emulsion. Mixing procedures and results paral

leled those of VFS . When quantities of ion exchange resin waste exceeded 15 
wt% dry resin, the WEP appeared to interfere with normal water-cement inter

action, resulting in samples with drainable free standing liquid. 
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3) Sodium silicate - Sodium silicates have many properties not 
sharr with other alkaline salts and have many diverse applications in 
indu .ry including the formation of protective coatings and films [ 15] . 

Liquid Sodium Silicate N, (FQ Corp. , Valley Forge, PA) was used for this 
investigation. 'Ibis product has a syrupy consistency and mixes readily with 
water , simplifying pretreatment processing. Ion exchange resins were soaked 
in liquid sodium silicate for one hour prior to solidification in portland 
type III cement. 

4) Furfuryl alcohol (FA) - This monomer marketed by the Quaker Oats 

Co, Chicago, IL, is a by-product of agricultural wastes. In its polymerized 
form this product has been used in diverse applications including foundry 
cores and molds and the production of rapid curing polymer concrete [16 , 17] . 

FA dissolves readily in water eliminating the need to form an emulsion. Mixed 
be� .;.v.l exchange resin waste was soaked in furfuryl alcohol monaner for 15 

minutes prior to solidification in portland type III cement . As much as 25 

wt% dry resin (NaCl loaded, mixed bed) was successfully solidified, i . e. 
passed free standing water and immersion criteria, by utilizing the FA 

monomer . This represents a significant improvement over the results of non
treated NaCl loaded resins and approaches the maximum quanti ties of resin that 
can physically be incorporated within a cement matrix. 

One disadvantage in the use of FA 100nomer is its inherent instabili
ty in the presence of strong acids. Vari ous acids are normally used to initi
ate the condensation polymerization of FA. Product literature warns that care 
must be taken even when working in the presence of dilute acid solutions 
because the inception period of the reaction may lead one to believe that 
insufficient acid is present to bring on polymerization [16 ] . No problems 
were encountered when soaking NaCl loaded resins in FA roonorner . When unloaded 
"as-received" resins we!"e treated in FA 100nomer a reaction occurred within the 
resin beads, ini tiated by free hydrogen ions loosely held at the exchange 
sites . A large exotherm was observed which eventually led to the deteriora
tion of the resin beads. For this reason, FA pretreatment of unloaded or 
partially loaded resins which still contain significant a100unts of available 
hydrogen, is not reCOI'IIIlellded. 
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5) calcium pretreatment - In order to minimize the swelling of ion 

exchange resin beads within the canent, the resin was soaked in solutions 

containing either calcium hydroxide or calcium chloride prior to 

solidification in portland type III cement. This technique was found to 

provide no improvement. 

2.2.7.2 Binder Modifications: TWo methods of altering the cement 

matrix itself to provide additional strength were attempted. 

1) Sodium metasilicate - This additive has been used in experimental 

solidification of ion exchange resins used in the Epicor II system at the 

Three Mile Island, Unit 2 cleanup operation [18] . For this investigation, 

Metso Bead 2048 (PQ COrp. , Valley Forge, PA) was used as an additive to 

portland type III cement. Both NaCl loaded and fresh unloaded mixed bed 

resins were solidified with this modified cement system. 

Results for both types of ion exchange resins were similar and only 

moderate improvements were realized for either. Maximum resin incorporated 

was 10 wt% dry resin for both loaded and unloaded resins. Figure 2 . 13 is a 

compositional phase diagram of acceptable formulations for the solidification 

of unloaded mixed bed resins in portland type III cement plus sodium metasili

cate additive. The sodium metasilicate was added at a constant ratio of 

cement/Metso Beads = 10 . 

2) Polymer Concrete - Water extendible polyester in conjunction with 

a promoter/catalyst system was mixed with ion exchange resins and portland 

type III cement to form a polymer concrete . Aropol WEP 6152 polyester resin 

(Ashland ChemiC'.al Co. , COlumbus, OH) was mixed with cobalt napthanate (CoN) as 

the promoter along with methyl ethyl ketone peroxide (MEKP) as the catalyst. 

This mixture was added to the cement-water-ion exchange resin slurry and 

mixed with an air powered laboratory stirrer for 2 minutes. Foonulations of 

ini tiated WEP polymer concrete containing as much as 25 wt% dry resin were 

successfully tested. 
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2 . 2 . 8  waste Form Properties. 

Work was conducted to determine the physical and chemical properties 

of cement-ion exchange resin waste formulations within the acceptable ranges 

developed. '!be properties of interest include compressive strength, radiation 

stability, and leachability of waste forms. 

2.2.8.1 CQmpressiye Strengtb: Mechanical integrity of waste 

forms, is an important consideration in the safe handling and transportation 

of radioactive waste prior to disposal. Waste form failure under load may 

result in cracking or friability leading to possible dispersion of activity .  

Waste form failure also creates a larger effective surface area from which 

activity can be leached. 'lberefore, mechanical properties of waste forms are 

of concern within the disposal environment , as well . 

Table 2 . 8  Maximum Resin Loadings For Various Additives satisfying Initial 
Criteria And Passing TWo Week Immersion Test 

DRY ij1IN �) WATER ADDITIVE ADDITIVE/ ADDITIVE/ 
ADDITIVE WI'% WI'% WI'% CEMENT WASTE 

Vinyl Ester 15 45 35 5 0 .11 0 . 33 
Styrene 
Monomer 

Water Extend- 15 45 35 5 0 . 11 0 . 33 
ible Polyester 
Monomer (WEP) 
N'7t�o2 5 52 30  13 0 . 24 2 . 53 
L1 U1d 

Furfuryl 25 30 33 12 0 . 40 0 . 48 
Alcohol 
Munomer 

Na SiO 
Me€so �eads 

10 54 31 5 0 . 10 0 . 57 

Polymerized 25 20 30  25 1 . 25 1 .00 
WEP 

(a) NaCl loaded mixed bed resin. 
(b) Portland type III cement. 
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Table 2 . 9  canpressive Strengths of 'Iypical Cement-Resin Waste canbinations 

WASTE CD1ENl' WATER DRY RESIN <XJt1PRESS IVE 
CEMENT TYPE TYPE WT% WI'% WI'% S'IRENml, PSI 

Portland 'JYpe I Unloaded Mixed 57 38 5 1324 
Bec1 Resin 57 33 10 1327 

58 31 11 1271 
54 33 13 1327 
50 34 16 1329 

Portland 'JYpe III Unloaded Mixed 55 37 8 1301 
Bed Resin 58 31 11 1329 

52 35 13 1331 
49 35 16 1115 
42 38 20 636 

Portland rzype III Fissioo Product 52 43 5 1316 
Loaded Mixed Bed 55 37 8 1312 
Resin 45 40 15 1193 
( see Sect. 2.1 .4 .1) 42 38 20 636 

High 1Utm1ina Cement Unloaded Mixed 57 38 5 1093 
Bed Resin 57 33 10 1160 

53 32 15 1152 
40 40 20 275 
38 39 23 141 

Portland 'IYPe III NaCl Loaded Mixed 55 42 3 1292 
Bed Resin 52 43 5 896 

52 38 10 1165 
45 40 15 474 
42 38 20 532 

Portland Type III IRN 77 ca. ti en 60 35 5 1338 
Resin 55 40 5 933 

55 35 10 1483 
59 29 12 1308 

Portland rzype III IRN 78 Anioo 60 35 5 1338 
Resin 57 33 10 1320 

35 50 15 439 
31 49 20 119 
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Compression strength test �g was conducted as a measure of mechani

cal integrity. The compressive strengths of typical cement-ion exchange resin 

waste forms wer e tested in accordance •·>ith the Ml'IM method C39-72, "Test for 

the Gompressive Strength of cylindr1ual Concrete Specimens" [19] . Specimens 

were cast in 4 .  7 ern diameter 160 rnl cylindri cal polyethylene vials which were 

then capped to prevent evaporative water loss and cured in excess of 90 days . 

Compression test results are summarized in Table 2 . 9 .  

2.2.8.2 Leachability and Radiation Stabili�: Leachability 

refers to the release of radionucl ides from the waste or sol idified waste form 

into the environment when in contact with liquids. A waste form' s ability to 

resist this release is an important consideration for shallow land burial . 

Although leachability criteria have yet to be imposed on waste forms within 

shallow land burial sites, the leaching characteristics of waste forms can be 
utilized to evaluate their relative potential behavior in the disposal envir

onment . 

Radiation stabil ity was examined from the standpoint of the effects 

of irradiation ( from contained activity and that present in the disposal 

environment} on the leachabil ity characteri stics of solidified and unsol idi

fied ion exchange resin wastes . 

2.2.8.3 Leachability as a Function o£ Cement IYPe: The 

leachability of ion exchange resin waste solidified in portlant type III and 

high alumina cements was evaluated according to the proposed ANS 16 . 1  stan

dard leach test [ 13 ] . cation exchange resins were chemically loaded to 25% of 

thei r theoretical exchange capacity with a non-radioactive mixture of stron

ti um, cesium and cobalt compounds , to better simulate partially expended resin 

waste . The resins were then loaded with a tracer solution containing 10 . 5  Jl Ci 

of Sr-85 , 12 . 2  iJ Ci of Cs-137 , and 9 . 8 Jl Ci of Co-60 . 'IWo replicate waste forms 

of each cement type were formulated using 59 .6 wt% cement , 34.6  wt% water and 

5 . 8 wt% dry cation exchange resin. The solidified specimens were right cylin

ders wi th a diameter of 4 .7 ern, height of 6 .8 ern and a mass of 167 . 9  grams. 

Specimens were cured for 55 days prior to ini tiation of the leaching test. 
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Leaching was performed in 1380 ml of demineralized water determined 
according to the recommended ratio of leachant volume to exposed waste form 
surface area of 10 em. Leachant was renewed prior to each sampling. 10 ml 

aliquots were sampled at the prescribed cumulative leaching intervals of 30 
seconds, 2 hours, 7 hours, 24 hours, 2 ,  3, and 4 days. In addition, samples 
were taken at 7 ,  14 and 21 days.  

The results of leaching studies for ion exchange resin waste solidi
fied in portland type III and high alumina cements are shown in Figures 2 . 14 
through 2.17 .  CUmulative fraction release is plotted versus time for Cs-137 
in Figure 2 . 14 and for Sr-85 in Figure 2 . 15.  Plotting the fraction release 
vs. t112 as in Figure 2 .16 and 2 . 17 provides a linear representation of acti
vity release. The release of Co-60 from waste forms of both cement types was 
below detection limits. 

For the retention of CS-137 portland type III cement appears to have 
a slight advantage over high alumina cement. For the duration of the 21 day 
leach test, the release of Cs-137 from the high alumina cement specimens was 
greater by a factor of approxL�tely 2 .  However, this slight advantage is 
more than offset by the ability of high alumina cement to resist mechanical 
integrity failure. ��en a waste form cracks or crumbles, the surface area 
from which leaching can occur greatly increases. 

The release rate for Sr-85 was slightly lower for the high alumina 
cement during the first week. However , for times greater than 7 days, frac
tion release of Sr-85 was approximately equivalent in both cement types. 

2.2.8.4 Leachability of Irradiated Waste Forms: The form
ulation selected for this leaching study contained 7 . 4  wt% dry mixed bed 
resin, 37.6  wt% water, and 55 . 0  wt% portland type III cement. These specimens 
were right cylinders with a diameter of 4 .7 em, a height of 6 . 5 em, and a mass 
of 181 .8 grams. Corresponding specimens of damp mixed bed resin waste were 
also prepared. These specimens consisted of 9 . 4  grams anion resin and 18 . 8  
grams cation resin i n  their damp forms ( for a total of 13 . 5  grams resin on a 
dry basis) . Both resin and waste form specimens each contained 53 �Ci of 
Cs-137, 42 �Ci of Sr-85 , and 55 �Ci of Co-60.  
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After a two week cure time , these specimens were placed into c. Co-60 

gamma irradiation facility and irradiated to total doses of 10
4 

to 10
8

rads at 

dose rate of 1 . 5xlo
6 

r.ads/hr. The 10
8 

rads dose was selected as representa

tive of the typical maximum long-term dose accumulated in resin wastes. 

After all resin and waste form specimens had been irradiated to the 

desired total dose, they were subjected to static leach tests utilizing both 

demineralized water and synthetic seawater leachants for cement-resin waste 

forms. So-called "cement water " and synthetic seawater were used for unsolid

ified resin. '!he "cement water" was used in order to employ leachants of 

similar composition to those in which activity release from cement waste forms 

occurred. (Soluble cement constituents are released rapidly into demineral

ized water during leaching so that the water is demineralized only at the 

initiation of the test. )  The "cement water " was prepared by leaching non

radioactive neat portland type til cement cylinders in demineralized water for 

one week . This was then filtered. '!he volume of water used was selected to 

provide a ratio of water volume to cement cylinder external geometric surface 

area (VLfS) of 10 ern. Sufficient cement water leachate was prepared in this 

manner to support leachability testing. Ion exchange resins w�re leached 

while contained in a closed mesh nylon bag. The ratio of volume to exposed 

geometric surface area (V/S) for unsolidified resin waste specimens was 0 . 8  

ern . The V/S ratio for cement-resin waste forms was 0 . 84 ern. Sufficient 

leachant was used to provide a leachant volume to exposed geometric surface 

area ratio of 10 ern. 

Leaching of ion exchange resins exposed to total doses of 0 

(control ) ,  10
4

, 10
6 

and 10
8 

rads did not indicate any apparent effect of 

irradiation on resin waste activity release in cement water. 

Figures 2 . 18 and 2 .19 show initial Cs-137 cumulative fractional 

activity releases as a function of leach time in demineralized/cement water 

leachants and seawater leachant, respectively, for waste forms exposed t-J) a 

total dose of 10
8 

rads. '!he Cs-137 fraction release from unsolidified 10n 

exchange resin in cement water was significantly lower than that observed for 

the cement-resin waste forms in demineralized water . Cesium, however ,  is 

known to be one of the most easily leachable species from cement matrices. 
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In synthetic seawater , Cs-137 is released significantly more rapidly from the 
unsolidified ion exchange resin th�n from resin solidified in cement. It is 
not unexpected to observe the rapid release of activity from ion exchange 

1 
resin in high ionic strength solutions such as seawater. Data were also ) 
obtained for Sr-85 and Co-60 releases. 

Leaching may proceed by a m.nnber of mechanisms. Often leaching 
is dominated by diffusion, altl1ough other mechanisms may include dissolution, 
chemical reactions and combinations thereof . Diffusion in particular and 
other mechanisms as well are sensitive to the �pecific surface area of the 
waste form exposed to the leachant. For example, the semi-infinite solution 
for mass transport by diffusion from a homogeneous medium having a zero 
surface contamination for all t � 0 is (neglecting decay) : 

where,  

(Z a /A ) (V/S) = 2 (D 1n ) l/2t1/2 
n o e 

Z an = cumulative activity removed, 

A = initial activity, 0 
v = specimen volume 

s = specimen geometric surface area, 

D = effective diffusivity, and e 
t = cumulative leach time. 

(Eqn 2 . 11) 

The effective diffusivity is a material constant for the waste form and 
radionuclide considered under the constraints of the test procedure [11] . 

Laboratory leach test data can then be extrapolated to full-scale 
waste forms by appropriate use of the V/S ratio. A 210 liter ( 55 gallon) 
waste form has a V/S ratio of 10 . 8  em. Therefore, Eqn 2 . 11 predicts that 
leaching of a � "  1 liter cement-resin form under similar conditions would 
provide cumulative fractional activity releases only 7 . 8% of those observed in 
laboratory leaching experiments (V/S = 0 . 84 em) for any given leach time. 
calculated cumulative fractional activity release curves have been included in 
Figures 2 .18 and 2 . 19 to estimate releases from 210 liter cement-resin waste 

- 42 -



forms . Unsolidified ion exchange resin waste has the same effective V/S ratio 

independent of waste quantity or container size, since the leachant can con

tact each individual resin bead. '!be resin waste V/S ratio is determined by 
the average resin bead volume and its average external surface area. A V/S 

ratio of 0 . 8  em was calculated for the resin waste used in this work. Frac

tional activity releases in leaching from unsolidified resins are not depen

dent upon the quantity of the resin waste disposed. Although laboratory 

experiments showed a significantly greater CS-137 release from cement-resin 

waste forms than from unsolidified resin in demineralized/cement water leach

ants, application of respective V/S ratios indicate that this would not be the 

case for 210 liter cement-resin waste forms. Thus, it appears solidification 

of resin wastes can provide decreased leachability in disposal environments. 

Another interesting effect of Co-60 irradiation on cement-resin 

waste forms was noted. POrtland type III cement-mixed bed resin waste forms 

were prepared using a formulation that passed initial acceptability criteria, 

but did not pass the two week water immersion test. After curing for two 
weeks, specimens were irradiated in triplicate to total doses of 0 (control) , 

104 , 106 and 108 
rads at 1 . 5 x 106 

rads/hr.  After all specimens had been 

irradiated, they were ��en subjected to the water immersion test. The 
control, 104 and 106 rads total dose specimens failed the immersion test; 

however, the 1 o8 rads specimens passed. Also, the 106 rads specimens did have 

notably better specimen integrity in immersion than the control and 104 
rads 

specimens. No difference in behavior was evident between the control and 104 

specimens. 

It is presumed that this behavior is due either to increased cross

linking of the resins, L�ere� reducing their ability to shrink and swell, or 

the reduction of the n1..Bllber of functional exchange sites on the resin, limit

ing its capacity for ionic sorption. 
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2 . 3  Electron Microscope AnalYsis of Resin-Cement Interactions. 

2 . 3 .1 Introduction. 

Olemical interactions between ion exchange resin and portland type 

III cement were explored by means of an AMRAY lOOOA scanning electron �era
scope (SEM) and a Tracor Northern 2000 x-ray energy analyzer for energy dis

persive x-ray analysis. Single resin beads solidified within a cement matrix 

were examined and compared with unsolidified beads and a section of neat , 

portland type III cement. '!his allowed the semi-quantitative detennination of 

chemical interactions between the t:ead and the cement in the irranediate region 

of the resin beads . 

cation ( IRN-77)  and anion ( IRN-78) exchange resins manufactured by 

Rohm and Haas were used. Samples were prepared for SEM analysis by applica

tion of carbon coatings in order to provide a conductive surface . 

A preliminary investigation demonstrated th- '_ , at the magnifications 

employed , the x-ray analysis provided a spectrum which was reproducible at 

various positions on a neat cement sample . In this way, it was confirmed that 

the spectra obtained were not those of individual mineral crystals within the 

cement, but an average of a discrete region of the binder. 

2 . 3 . 2  SPectral Analysis. 

Analysis of an unsolidified NaCl loaded cation resin bead yielded a 

spec trum showing only the strong sulfur line which is ubiquitous in the cation 

form of this resin plus a clear sodium line (Figure 2 .20) . Similarly the 

anion fo rm of the resin gave spectra showing the presence of only chlorine. 

The technique therefore was able to determine qualitativley , the loading of 

the beads. 
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Fi g .  2.20 Spectrum from x-ray excitation analysis of neat 
portland type III cement. 

F i g .  2 . 21 Spectrum from x-ray excitation analysis of 
individual sodiurn loaded cation resin bead. 
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Figure 2 . 21 is a spectrum of a neat portland type III cement sample. 
'!here is a strong calcium peak followed in intensity by silicon and aluminum. 
Traces of sulfur , potassium and magnesium are also present. '!he ratios of the 
peak heights of the major elements are given in Table 2 . 10 .  

Figure 2 . 22 i s  an SEM fhotomicrograph (60x magnification) of a portion of 
a laboratory scale portland type III cement waste fonn containing a ilUxture of 
two parts cation resin and one part anion resin. 'Ibis waste fonn successfully 
completed a two week water immersion test. '!he beads have shrunk away from 
the cement leaving voids. 'Ibis is very likely an ar tifact of the microscopy 
process because the chamber of the SEM, in which the samples are examdned, is 

Table 2 . 10 

Ratios of Elements in Ion Exchange Resin and Portland Cement Samples 
Detennined by Energy Dispersive X-Ray Analysis 

Sample Al/ca Si/ca s;ca AI/ca 

1.  Neat Cement 0 . 08 0 . 32 0 . 05 0 . 25 

2. Resin Bead in 
Cement 0 . 24 0 . 08 0 . 97 3 . 00 

3 .  Cement on Resin 
Bead 0 . 20 0 . 15 0 . 53 1 . 33 

4 .  Cement away 
from Bead 0 . 07 0 . 41 0 . 08 0 .60 

evacuated. This would dry the beads and cause them to shrink. Each bead in 
the photo appears to be coated with cementitious material which adheres to the 
surface. 

'!he resin bead on the right hand margin of Figure 2 .22 was subjected 
to x-ray analysis. On the upper region of the bead a clear space, uncontami
nated by cement, was found which revealed the smooth surface of the bead 
itself. Figure 2 . 23 shows the x-ray spectrum obtained from this position. 
The very high sulfur peak, typical of exchange resins, was present. So too, 
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Fi g .  2 . 2 2  SEM photograph o f  res i n  bead s  i n  c ement whi c h  had p a s s ed t he 
immersion tes t .  The bead i n  the upper r i ght-hand corner wa s 
s u bj ec ted to x-ray exc i ta t i o n  a n a l ys i s . Ma g n i fi c a t i o n :  60x 
Scal e :  l cm = 1 2 5� .  
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Fi g .  2 . 23 X-ray exc i ta t i on s pectrum for a port i o n  of the 
res i n  bead depi cted i n  Fi gure 3 . 3 .  

F i g .  2 . 24 X-ray exc i tati on s pectrum for a por t i o n  o f  the 
c ement a d he r i ng to the res i n  bead depi c ted in Fi gure 3 . 3 .  

Fi g .  2 . 2 5 X- ray ex c i tati on s pectrum for a port i on of the 
cement l oca ted a pprox i matel y 100 m i crons from any bead . 
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was a strong calcium peak, typical of cement. Aluminum and silicon were also 
present with aluminum exhibiting a peak height which was three times greater 
than that of silicon. The resin bead had taken up components of the cement 
and, in the case of aluminum, had concentrated it by a factor of 12 relative 
to silicon. The ratio of these peaks are shown as Sample 2 in Table 2 . 10 . 

On the same resin bead (Figure 2 . 22) a portion of the bright white 
surface coating was anlayzed. The spectrum is shown in Figure 2. 24 . Here the 
peak heights for aluminum and silicon are of similar magnitude while the 
sulfur peak is much reduced from that of Figure 2 . 23 . Compared to neat cement 
this sample is enriched in aluminum by factors of 3 to 5 .  It is depleted in 
silicon and strongly enriched in sulfur py a factor of 10.  The resin bead 
appears to have given up some sulfur to L�e binder . It should be cautioned 
that the strong peak of sulfur may be due in part to excitation of sulfur 
within the bead itself, beneath the cement coating. The ratio of peak heights 
are given as Sample 3 in Table 2 .1 0 .  

The last spectrum (Figure 2 . 25)  shows the composition o f  a portion 
of the cement matrix which is at a position distant from any resin bead. The 
spectrum is similar to that of neat cement. However, sulfur is enriched in 
the binder by a factor of 1 . 6 .  Aluminum, relative to calcium, i s  very similar 
while silicon ia slightly enriched. Apparent enrichment of silicon may be due 
to slight depletion of calcium. Peak height ratios are shown for Sample 4 in 
Table 2 .10.  

From these analyses a trend appears. Resin beads when cast in cement 
interact with the components of the cement. The resin appears to sorb calcium 
and aluminum preferentially but also some silicon. Moreover ,  because sulfur 
is enriched in cement sampled close to resin beads , the resin beads may be 

giving up sulfur to the cement. The only way that this could occur is if the 
bead itself were being destroyed. The sulfonate groups , which are the cation 
exchange sites of the resin and the source of sulfur are integral parts of the 
exchange resin. If sulfur is indeed being released fran the beads then it 
would appear that the high pH of the cement may cause the resin to break down. 
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A micrograph of a resin bead magnified 2100 times is shown in Figure 
2 . 26 .  Very li ttle pitting is seen on the surface. In contrast, Figure 2 . 27 
shCMs a resin bead magnified 1500 times in a cement sample which failed the 
water immersion test . Here the surface of the bead is heavily pitted and 
fibrous crystals have grown on the resin. An overview of the entire bead is 
shCMn in Figure 2 . 28 .  Based on limited sampling this pi tting has only been 
observed in cement samples that failed the water immersion test. Almost no 

pitting was found in resin beads from stable cement waste forms. 

2 . 4  Solidification with Po�r Modified Gypsum Cement CEnyirostooel .  

2 . 4 . 1  Rescription of Envirostooe. 

Envirostone is the trade name given a polymer rnodlfied gypsum based 
cement product, recently developed by United States G¥Psum Oompany , Chicago, 
Illinois, for the solidification of low-level radioactive waste . According to 
manufacturer ' s  claims its advantages include : fast controllable set time, easy 
clean-up of equipment, applicability to a wide variety of waste streams , an 
exothenmic temperture rise for determining set, high packaging efficiencies 
and relatively 1�· C'.ast densities [ 21 ] . In tests conducted by u.s. Gypsum 
co . ,  Envirostone was successfully used to solidify boric acid, organic liquids 
including lubricating oils and scintillation fluids, and ion exchange bead 
resin waste streams [ 22] . 

Envirostone is a finely ground, nonflammable white power consisting 
of gypsum plaster with resin polymer and catalyst additives. Gj.psum plaster 
is the hemihydrate form of calcium sulfate (caso4· l/2H20) . Envirostone was 
found to have a rapid set time, forming a white plaster in the solid phase. A 
minimum of 18 wt% water is necessary for complete hydration of the gypsum 
plaster . 

2 . 4 . 2  formu1ation Pevelggment. 

Unloaded mixed bed ion exchange resin was prepared with interstitial 
water removed as discussed in Section 2 . 1 . 4 . 2 .  The average water content of 
this damp resin was 58% by weight . Other resin properties apply as stated pre
viously. 
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Fi g .  2 . 2 6 SEM photogra ph of a res i n  bead wh i c h  had not been p l a ced i n  
cemen t . Ma g n i fi c a t i o n :  2 1 00x Sca l e :  l cm = 3 . 6� .  

- 51 -



Fiq�  2 . 27 SEM photograph of t he s u rface of a res i n  bead from a cement 
sampl e wh i c h  fa i l ed the i mmers i on tes t . Ma gn i fi ca t i on : 
1 500x Scal e :  lcm = 6 . 7� .  

Fi g .  2 . 28 S EM p ho to gra p h  g i v i ng a n  overv i ew o f  the res i n  bea d d epi c ted 
a bove and the cement matri x .  Ma g n i fi c at i o n : 1 6 0  x 
S ca l e :  l cm = 67� . 
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Numerous formulations were prepared covering a wide range of Enviro

stone-water-resin proportions. The same procedure was followed for each spec

imen: specified amounts of Envirostone, water , and damp resin were combined to 

provide the proper weight percentage compositions. The materials were then 

placed into a stainless steel mixing bowl and mixed at low speed for two min

utes with a Hobart mixer. After mixing, the material was quickly poured into 

160 ml polyethylene specimen preparation containers. '!Wo samples were made 

from each formulation. Waste form specimens were cylindrical , with average 

dimensions of 4 .7 em in diameter and 8 . 5  em in height. After weight measure

ments were recorded, the specimen containers were covered to minimize evapora

tive water losses and w,ere then set aside to cure at 25
°

C. Daily checks were 

made for the presence of observable free standing water . 

\ 
The varied formulations led to a wide range of specimen consisten-

cies, frcm very dry (not pourable) to thin and frothy. Many of the drier 

formulations ( lef.s than 40 wt% water) began setting up before the specimen 

containers coulc be filled. This is noted as a potential problem with the 

large-scale use of Envirostone as a waste solidification agent. Set time for 

Envirostone was determined by use of the Vicat needle apparatus as described 

in ASTM Test Method C472-73 for Physical Testing of Gypsum Plasters and Gypsum 

Concrete [23] . The average set time was 17 minutes. However , specimens 

typically lost their workability within five minutes or less. 

Figure 2 .29 is the compositional phase diagram illustrating regions 

of acceptable formulations for the solidification of unloaded mixed bed resin 

waste with Envirostone. Constituents are expressed as weight percentages of 

Envirostone, dry resin, and water. All acceptable formulations produced spec

imens which were free standing solids. Some formulations, however , were too 

dry to mix. These represent formulations in which the available water was 

insufficient. As a result the specimens remained powdery and did not solidi

fy. 

In Figure 2 . 29 acceptable formulations for a twenty-four hour cure 

time are indicated qy the lightly shaded �reas. None of these specimens 

exhibited free standing water after this time. For formulations just outside 

the acceptable region, some specimens showed a statistical variation in the 
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presence of free standing water . For example, in same cases one sample of a 

pair produced free standing water while the other did not. Duplications of 

such formulations also showed similar variations. These formulations are 

unacceptable. Medium and heavily shaded areas represent the formulations for 

which free standing water was absorbed or combined in the waste form within 

one week and two weeks, respectively. 

Those specimens which had no free-standing water presznt after one 

week were then subjected to an :i.nmersion test. One waste form of each formu

lation was removed from the specimen container and individually sul:Inersed in 

demineralized water . 1750 ml of water was used, based on the proposed Am 
16 .1 standard leach test as discussed in Section 2 . 2 .2.  The ii!Ullarsion cot'ltain

ers were left undisturbed for two weeks. After this time, specimens were 

removed from the water and examined. 

These tests were conducted to examine the possible effects of swell

ing and/or shrinking of the specimens when contacted with water and to indi

cate their longer term integrity. As discussed in Section 2 . 2 . 2  waste forms 

containing ion exchange resins solidified in a portland cement matrix were sub

ject to swelling, cracking and cn.unbling when ii!Ullarsed in water . �is behav

ior was not observed for any of the Envirostone formulations. None of the 

specimens exhibited any cracking while immersed. A few resin beads (< 1 gram) 

were found in the botta!l of sane containers which held specimens whose canpo

sitions containecl in excess of 10 wt% dry resin. 

This {ilenanenon might be explained in either of two ways. One 

possibility is that L,e swelling of the resin beads due to additional water 

absorption or chemical exchange, caused surface beads to "pop" out of the 

sample. The second possibility is related to the solubility of gypsum in 

water . Gy25um dissolves at a rate of 0 .24gm/100cc of water at 25°
C [24 ] . For 

the immersion test specimens, this corresponds to a loss of about 4 . 2  grams of 

Envirostone per specimen. The thickness of the outer specimen layer which 

would. be dissolved to correspond to this weight loss ranges from about 0 . 2-0 . 3  

mm. Tnis thickness is comparable to resin bead radii, indicating that surface 

beads may be released due to Envirostone dissolution. Figure 2 . 30 is a photo

gra{il of two Erwirostone samples before and after immersion testing. Figure 

2 . 31 depicts the effects of liw.ersion as a function of resin content. 
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F i q .  2 . 30 E f fec t  of immers i on tes t i ng on Env i r·os tone wa s te form s conta i n i n g u n l oaded 
m i xed bed res i n .  
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F i g .  2 . 3 1  E ffect o f  u n l oad i n g m i xed bed res i n  contents on Envi ro stone w a s te forms a ft e r  
i mmers i o n  tes t i n g .  ( Sp e c i mens lOA- l OD conta i n  5 ,  1 0 , 1 1 ,  1 5  wt% d ry res i n ,  
res pect i ve l y . )  
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Although no precise measurements were Tilade, many samples exhibited 

about a 10% swelling in volume while undergoing the immersion test. SWelling 

was more pronounced in those formulations with resin loadings greater than 10 

':!t% . It t:1as also noted that surface hard"less decreased r�Fter t..he LJIIDersion 
test. Although remaining intact for the duration of the two week :ilmersion 

test, those samples with high resin contents (> 20 wt%) tended to became brit

tle and have poor mechanical strength when 1·emoved fran the water. 'lbe abili

ty of the matrix to swell , thus conforming to resin bead volume increases may 

account for the absence of cracking and crumbling behavior in immersion (since 

like portland cement, Envirostone has a relatively poor tensile strength) . 

Density measurements were made to examine the correlation between 

sample swelling, loosening of resin beads, and formulation percentages. 

Figure 2 . 32 shows specimen density as a function of resin loading for three 

different Envirostone/water ratios. Figure 2 . 33 represents density as a func

tion of the weight percentage Envirostone in the specimen. Both gra};hs illus

trate that waste form density decreases with increased resin loading, and that 

density increases with increased Envirostone content. These two factors 

correspond to the immersion test results ; specimens with high resin loadings 

had lower densities and more capacity for water absorption, which in turn led 

to increased swelling. 

2 . 4 . 3  Waste Form Properties. 

2.4.3.1 Compressive Strength: The mechanical strength of waste 

forms with Envirostone was examined using a Soiltest (Model 2520) compression 

test machine in accordance with ASTM procedures [23] . Specimens encompassing 

twenty-two different formulations were made in triplicate following the same 
procedure described earlier . The average specimen diameter was 4 .  7 em and 

average height was 7 . 5  em. Specimens were then cured for 1 or 3 weeks, as 

indicated on the gra};hs which follow. The formulations were chosen to examine 

three i terns : 

• the effect of increased resin loadings for three different 
Envirostone/water ratios, (Figure 2 .34) . 

• the effect of increased Envirostone content for given resin 
loadings (Figure 2 .35) , 

e the effect of a three week vs . one week cure time (Figure 2 . 36) . 
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There are three general conclusions which can be drawn � examining 
this data. The first is that the compressive strength of the formulations de
creases as resin content increases for a given Envirostone/water ratio. Sim
ilarly, increasing the Envirostone/water ratio for a given resin loading 
increases formulation strength. The effect of increased cure time (3 weeks 
instead of one week) is seen to be negligible for the formulations tested. 

2.4.3.2 Leachability: The leaching properties of Envirostone 
waste forms containing mixed bed ion exchange resins were examined. The 
specimens used to conduct the leach tests were spiked with radioactive trac-
ers? and thus they required a modification of the mixing procedure. Specified 
amounts of resin and water were measured and added to specimen preparation 
vials . Four milliliters of a tracer solution were then added to each vial . 
Each specimen contained approximately 140 pCi of activity of each of three 
isotopes : cesium-137 , st(ontium-85 and cobalt-60 .  After addition of the 
tracer solution, the vials were covered and left undisturbed for 72 hours .  
This alJQio;ed time for the resin to adsorb the radionuclides and thus more 
aptly repre�ent an actual waste stream. 

After 72 hours, a premeasured amount of Envirostone was added to the 
resin and water slurry. Each specimen mixture was stirred in the preparation 
container for two minutes , Stirring was done by hand with a stainless steel 
stirring rod. After mixing, the specimen containers were covered and left to 
cure for one week at 25°C before the initiation of the leach test. 

Three different formulations were used: two specimens were made with 
no resin, two with 5 wt% dry resin, and four with 10 wt% dry resin. TWo of 
the 10 wt% dry resin specimens were leached in synthetic seawater , while the 
other specimen formulations were leached in deionized water . Leach test 
specimens measured 4 .  7 an in dia'neter and 8 .  7 an high. After they had cured 
for one week, each specimen was removed fran its preparation container and sus
pended with monofilament cord in the center of the leachant. 

The leach test complied with the proposed .ANS 16 . 1  standard for the 
measurement of leachability of low-level radioactive waste forms with the 
following modifications. The .ANS 16 . 1  test calls for leachate sampling and 
replacement at cumulative interva1s of 30 seconds, 2 hours, 7 hours, 24 hours, 
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2 ,  3 ,  and 4 days. 'lbese intervals were paralleled through the fourth day, 

after which aliquots were taken on the eighth day of leaching and weekly 

thereafter for 6 weeks. After six weeks of cumulative leach time, sampling 

continued at the rate of once per month. 

Figure 2 . 37 shCMs the leaching data in deionized water for each of 

the three sets of Envirostone specimens containing 0 ,  5 wt% and 10 wt% dry 

mixed bed ion exchange resin respectively. Figure 2 . 38 shows leachability for 

samples containing 10 wt% dry resin in synthetic seawater. Each figure indi

cates the cumulative fraction releases for strontium-85 , cobalt-60 and cesium-

137 for 44 days of leaching • '!be cumulative fraction release for cesium was 

between 83% and 91% in deionized water and was 98% for leaching in seawater. 

Cumulative cobalt fraction releases ranged between 68% and 78% in deionized 

water while in seawater it was 87% . Strontium releases exhibited the greatest 

variability, shCMing apparent sensitivity to the presence of ion exchange 

resin in the specimens. The two sets of specimens containing 5 wt% and 10 wt% 

resin released 57% and 49% strontium respectively while the set of samples 

containing no resin gave a 27% cumulative fraction release after 44 days . In 

seawater , the cumulative fraction release for strontium was 73% . 

2 . 5  Solidification witb Thermosetting PolYmers. 

2 . 5 . 1  Rescription of VinYl Ester-Styrene. 

Solidification of ion exchange resin wastes with thermosetting 

polymers was performed using the vinyl ester-styrene binder developed by Dow 
Industrial Services. 

(a) 
'!be Dow binder is currently being employed to solidify 

low-level radioactive waste at u.s.  nuclear pCMer plants utilizing both in

stalled and mobile solidification equipment. Vinyl ester-styrene has been 

used to solidify a variety of wet solid waste streams including ion exchange 

resins, evaporator bottoms, filter aid materials and decontandnation solvents 

[25, 26] . 

(a) Dow Olemical Company , Midland, MI 48640 
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The application of vinyl ester-styrene is based upon the encapsula

tion of the waste stream within a polymerized matrix. '!here is no chemical 

bonding between the waste and solidification agent. An emulsion is fanned 

between the aqueous waste stream and the vinyl ester-styrene b¥ high shear 

mixing. Polymerization and subsequent curing take place upon the addition of 

a catalyst and promoter , yielding a continuous matrix of cured polymer with 

fine droplets of aqueous waste and waste solids dispersed throughout. 

2 . 5 . 2  Formulation Development 

Laboratory scale specimens were prepared to examine the formulation 

parameters for the solidification of ion exchange resin wastes with vinyl

ester-styrene. Unleaded mixed bed resins containing 2 parts cation and l part 

anion resin by weight as described in Section 2 . 1 . 4 were emplqyed. 

Formulations were mixed using a variable speed air powered stirrer 

(Arrow Engineering Co. ,  Hillside, NJ) with a two inch diameter , triple bladed 

propeller type stirring blade. Specimens were mixed in 32 ounce coated paper 

containers (6 . 5cm ID x l5 .5cm ht . )  in the following manner . (Specified promo

ter/catalyst types used and amounts added are proprietary. )  A measured quanti

ty of vinyl ester-styrene binder was placed in the mixing container which was 

positioned under the stirrer so that the blades were approximately centered. 

The stirrer was started and the speed and blade height were adjusted for 

adequate mixing. Catalyst was added and stirred for approximately one 

minute. 

Simulated resin waste was added slowly and at a constant rate over a 

period of approximately two minutes. Both damp and slurry forms of unloaded 

mixed bed ion exchange resin were used. The stirrer speed was adjusted to 

maintain high shear mixing. Care must be exercised during this operation to 

ensure formation of a waste-binder emulsion. This is evidenced by the appear

ance of a lightly colored, homogenous mixture.  The emulsion will break down 
if 1) the waste is added too quickly, 2) the high shear action is not main

tained, or 3) an excessive quantity of waste is added. '!he appearance of 

streaking in the mixture is an indication of the onset of one or more of these 

conditions . Once the emulsion has broken, the ability of the binder to encap

sulate the liquid waste is lost. 
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Finally, the promoter was added and stirring continued for approxi

mately one additional minute. After mixing was completed, the stirrer was 

removed and the mixture was transferred to 160 ml polyethylene specimen prep

aration containers (4.7 em ID x 9 . 7  em height) for curing. In .most cases, the 

gel time was approximately 15 winutes. Within one hour a distinct exothermic 

reaction was observed. Specimens were allowed to cure overnight and were then 

removed from their containers for inspection. 

The final product was a hard, monolithic solid and in no case was 

there any evidence of free standing water for the formulations empl�ed. The 

lilniting constraint in solidifying resin slurl)' wastes was the amount of water 

that could successfully be held within the emulsion while mixing. The maximum 
resin content of solidified resin slurry waste forms was 18 . 4  wt% dry resin. 

By solidifying ion exchange resins which had excess and interstitial water 

rem�Jed (damp resin) higher waste-to-binder ratios could be achieved, result

ing in improved volumetric efficiency. As much as 28 .6 wt% dry resin was sue� 

cessfully solidified using damp resin. Maximum loadings of damp resin were 

limited by the volume of binder available to provide mechanical integrity of 

lhe waste form. Waste-to-binder ratios and weight percentages of dry resin 

for formulations prepared are summarized in Table 2 .11 . Vinyl ester-styrene 

waste form specimens incorporating various amounts of mixed bed ion exchange 

resins are shown in Figure 2 .39. 

Table 2 .11 Vinyl Ester-Styrene Formulations for the Solidification of 
Mixed Bed Ton Exchange Resin Wastes 

Resin slurry 

Resin slurry 

Damp resin 

Damp resin 

Damp resin 

Damp resin 

Damp resin 

Damp resin 

wastg/Binder Ratio <by wt.l 
2 . 0  

2 . 5  

1 .0 

1 . 5  

2 . 0  

2 . 5  

3 . 0  

3 . 5  
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Dry Resin wt% 
12 .3  

18 . 4  

18 . 4  

22 . 1  

24 . 6  

26 .3  

27 . 6  

28.6 



F i g .  2 . 39 V i nyl e s ter- s tyrene wa s te forms i ncorpora t i ng u n l oaded m i xed bed res i n .  
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3 .  SOLIDIFICATION OF OIL AND ORGANIC LIQUID WASTES 

Oils and other organic liquid wastes represent a particularly trou

blesome radioactive waste category for producers of low-level wastes 

(LLWs) . Typically, these organic wastes are generated in low volume 

quantities at both government and commercial facilities, and often con

tain re�atively low levels of radioactive contamination. Little success 

has been reported in the past for the iiiiiOObilization of these wastes in 

acceptable waste forms with reasonably high loadings (� 20 volume%) . 

In the past, oils and other organic liquid LLWs have coiiiiOOnly been iilU110-

bilized by sorption onto solid adsorbents such as venmiculite or diato

maceus earth. However , evolving regulations regarding the disposal of 

these materials encourage solidification. As a result, there is a need 

to i dentify appropriate solidification agents and determine how they can 

be best applied. Alternatively, and where it is available for this 

application, incineration may be an acceptable treatment option for these 

wastes. 

The following solidification agents were investigated : 

Portland type I cement, with and without additives and including 
vermiculite 

NUTEK 380-cement (a) 

DCM cement shale silicate (b) 

(c) 
Envirostone polymer-modified gypsum cement 

The simulated liquid organic wastes which were used to prepare the waste 

form samples include a lubricating (vacuum pump) oil and an organic 

solution ( "NEN" )  containing selected alcohols,  alkanes, ketones, alde

hydes, esters, aranatics, and chlorinated hydrocarbons. '!he experimental 

matrix for this stuqy is given in Table 3 .1 .  

(a ) Nuclear Technology COrp. , Amston, Connecticut. 
(b) Delware CUstom Material , Inc. , State COllege, Pennsylvania. 
(cl u.s.  Gypsum co. , Chicao.o, Illinois. 
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Table 3 .1 Solidification Media Investigated 

Portland Type I Cement 

Vermiculite and 
Portland Type I Cement 

Nutek 380-Cement 

Emulsifier , Portland Type I 

Immobilization of 
Oil 

X 

X 

X 

Cement- , and Silicate X 

IX:M Cement X 

Envirostone Cement X 
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Immobilization of 
"NEN" 

X 

X 



The solidified waste forms were evaluated in terms of being free

standing monolithic solids and having no free liquid following solidifi

cation. Other testing was applied to selected specimens, viz immersion 

testing, vibratory shock testing, and flame testing. Immersion testing 

involved placement of the waste form specimens in water at ambient tem

perature for periods of 72 hours or longer . If there was no evidence of 

a loss of sample integrity, the specimens were judged to have passed the 

immersion test. Vibratory shock testing was intended to simulate trans

portation conditions which the waste forms might experience when shipped 

to a burial site. Specimens were considered to have passed this test if 

they exhibited little in the way of physical breakup or deterioration of 

sample integrity. Flame testing involved determining the response when 

thf sample was subjected to an open flame propane torch and noting 

whether any burning uf the specimen was sustained when the torch was 

removed. 

'rhis work concentrated on high waste loading formulations which are 

assumed to be representative of actual practice of LLW generators. At 

lower waste loadings <::. 10 volume%} , i.nproved waste form properties 

should result. 

3 . 2  Solidification o£ Simulated Oil wastea. 

A representative hydrocarbon lubricating oil was chosen for use as a 

simulated oil waste in this study ( Inland Vacuum Industries #19 Vacuum 

Pump Oil) • This oil is in conmon use as a vacuum pump oil at BNL and has 

a density of 0 . 86 g/ml at ambient temperature. As discussed in the 

following sections, simulated waste form specimens of this oil and the 

various solidification media were prepared and evaluated as to their 

suitability for immobilizing oil wastes. 

Samples were prepared on a batch basis and were mixed b¥ hand or b¥ 

laboratory mixer. A Hobart Model N-50 , 3-speed, heavy duty electric 

mixer was used for many of the prep:�rations. For those preparations in 
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which an emulsifier was used for incor!X)rating the organic waste in 

solution, a Gast Model l-AM, 2-inch air-powered nrixer was used. This air

pt:Mered mixer was cap3.ble of delivering a high speed, high shear mixing 

action. 

For each formulation batch, at least bolO specimens in the form of 

right circular cylinders were prepared in polyethylene containers which 

were then capped during the period of curing. TWo specimen sizes were 

employed with nominal diameters of approximately 31 and 47 Il1ll, respec

tively . '!ypical specimen heights were two or three times the diameters .  

The resultant solids had nominal volumes i n  the ranges of 40-60 ml and 

140-160 ml, respectively. After curing for at least a two week period, 

the specimens were removed from the plastic containers and subjected to 

property testing. 

3 . 2 . 1  Foreland lYPe I Cement. 

Portland ty� I cement has been widely used as a solidification 

agent for LLW. The use of this agenL by the nuclear waste industry and 

its advantages and disadvantages has been discussed recently by Fuhrmann 

et al. [ 1 ] . 

Formulations of oil , Portland type I cement, and water which 

were prepared for this study are given in Table 3 .2.  Samples 11 and 16 

contained relatively large fractions of free liquid, whereas samples 12 

and 13 exhibited relatively little free liquid. Only a trace quantity of 

free oil remained on the surface of sample 14,  while sample 15 cured to 

an essentially dry solid. All of the specimens were wiped dry and 

allCMed to cure in air follCMing the initial 3-day curing period in the 

containers. The specimens were placed on a paper mat during the 

subsequent air curing period and it was observed that oil ran out of the 

specimens and spread along the p3.per mat. 

From the standpoint of general appearance and its lack of free 

liquid, the best perfo�ce rating for these samples was assign€d tc 

formulation number 15 . This formulation, with a water/cement ratio of 
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Tab1e 3 .2 solidification of Oil Witb PQrtland type I Qement 

Sarrple 
_LD._ 

11 

12 

13 

14 

l5 (b) 

16 

EQIJlll.J.lation Height; B;a;�n.tag� 
Portland I 

Qil Cement � 
10 30 60 

30 35 35 

30 50 20 

20 50 30 

5 75 20 

50 30 20 

(a)
Not determined. 

(b)
Fonaulation judged to yield the most 
satisfactory solid in this group. 

- 7 7  . .  

Volume% % Weight Loss 
Oil on CUring in Air 

(a) (a) 

45 25 

50 7 

34 14 

12 2 

(a) (a)  



0 . 27 ,  also exhibited the least weight loss on curing in air. The weight 

loss includes both water lost through evaporation and oil lost � seepage 

onto the paper mat, although the relative amounts of each were unassign

able. While rated best among the oil/Portland type I cement specimens, 

sample number 15 represented an oil loading efficiency of only 12 vol% , 

however, indicating that this solidification media is not very 

effective for oil wastes. 

3 . 2 . 2  Vermiculite and pqrtland IYPe I Oement. 

Many nuclear facilities routinely dispose of oil and other 

organic liquid LLWs py sorbing them onto solid sorbents such as 

vermiculite which are then packaged for burial [2] . These materials may 

then be further immobilized by incorporating them into cemented solids. 

In order to determine some suitable formulations, samples of 

unloaded (with oil)  vermiculite plus water and Portland type I cement 

were prepared as shown in Tables 3 . 3  (for untreated vermiculite) and 3 . 4  

(for water-saturated vermiculite) . Good solid specimens were obtained 

with all of the formulations. In the case of untreated vermiculite, an 

excess of water over that required for cementation was added in order to 

saturate the vermiculite, since the cement and vermiculite would 

otherwise compete for the limited water which was present. According to 

Lin and MacKenzie [2 ] , under near neutral to highly basic conditions, 

vermiculite will absorb water up to about 4 g per gram of absorbent. In 

terms of the total amount of water added and hence available for cemen

tation (over that required by the vermiculite) in each case, samples 20-

25 are thus directly comparable to samples 26-31 , respectively. This 

appears to be reflected J.n the simi.lar degree of weight loss on curing in 

air for the comparable samples, suggesting that the manner and order in 

which the ingredients are added is unimportant in this case. The minimum 

amount of weight loss for these specimens on curing ir. air is exhibited 

for a water/cement ratio of 0 . 28 � weight. 
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TABLE 3.3 Solidification of Untreated Vermiculite With Portland 'J::lpe I Ce!Jent 

fQtmUlati2D Neight ����tage 
Sarnple Untreated Portland I % Weight Loss 
I.D. YelJlli�ulite cement Natei. 20 CU.tioo in Ai� 

26 5 .6 45 49 33 

27 7 .7 38 54 38 

28 5 . 5  57 38 14 

29 7 . 4  48 44 29 

30 5 . 5  50 45 30 

31 7 . 7  42 50 53 

� 3 .4 solidificatiQD of water-saturated Yermicu1ite With portland �� I QQ,ent 

f2crnulati2D Neight ��r��ntag� 
Sample 
I .D. 

20 

21 

22 

23 

24 

25 

Water-Saturated
( ) �rmjculite a 

28 

38  

27 

38 

27 

30 

(a) 80 wt% water 

Portland I 
Cement Added Nater 

45 27 

38  23 

57 16 

48 13 

50 23 

42 19 
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% Weight Loss 
.QD CUring in Air 

32 

37 

14 

23 

25 

33 



'.J '' 

Samples were prepared using vermiculite which had been partial
ly loaded with oil (50% saturated) plus water and Portland type I cement. 
'!he formulations are given in Table 3 . 5 .  With these samples, there was 
insufficient water to both saturate the sorbing capacity of the vermicu
lite and also provide a water/cement ratio sufficient for a good cement 
product. For example, only for sample number 47 was there an excess of 
water over that which would be required to saturate the vermiculite. In 
this case a water/cement ratio of only 0 . 10 would result if all of the 
water so available were to be sorbed onto the vermiculite. Adequate 
cement hydration occurred, indicating that Portland type I cement is able 
to compete with vermiculite for the available water. However , due to the 
relatively small amounts of water available for solidification, samples 
6-10 and 41-46 were too dry to give solids. samples 47-52 did give good 
solid specimens, however, and the best overall specimen was judged to be 
number 49. However , the volumetric loading efficiency (ll vol% oil) for 
this sample is rather low. 

Results for samples prepared using oil-saturated vermiculite 
plus water and Portland type I cement are given in Table 3 .6 .  Oil
saturated vermiculite contains approximately 3 g of oil per gram of 
absorbent (density of untreated vermiculite is 0 .099 g/ml) [ 21 .  'Ihese 
samples set up in about three days to give good free standing monolithic 
solids , however , all had an initial oily appearance and traces of free 
liquid were observed with all samples. Sample 38 was judged to be the 
best overall specimen, with a volumetric loading efficiency of 30% and 
only a 10% weight loss on curing in air . 

If oil wastes are to be disposed of h¥ first sorbing on 
vermiculite and then solidifying with Portland type I cement, it appears 
that best results are obtained by saturating the vermiculite with oil 
prior to solidification. With unsaturated oil-vermiculite, lower 
volumetric efficiencies ,for waste loading are obtained and poorer 
result due to COI!q;letition for the water between cement and the 
absorbent. 

•c8 {/ 

solids 



TABLE 3 . 5  Solidification of Partially ( 50%) Saturated (Oil) 
Vermiculite With Portland � I cement 

fQ�latiQD Ne19ht Eet�entgge 
Sarrq:>le Oil ( 50% Sat ' dl1) � verndculite 

6 17 

7 28 

8 40 

9 45 

10 51 

41 19 

42 27 

43 19 

44 19 

45 19 

46 27 

47 17 

48 23 

49 (c) 17 

50 23 

51 17 

52 23 

(a) 37 .5  wt% oil .  
(b) Not determined 

Portland I 
Cememt 

59 

48 

36 

30  

25 

51 

45 

63 

63 

56 

50 

45 

38 

55 

48 

50 

42 

(c) Formulation judged to yield the most 
satisfactory solid in this group. 
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lMe.r 
24 

24 

24 

24 

24 

30 

27 

18 

18 

25 

23 

3 8  

3 8  

2 8  

29 

33 

35 

Volume% % Weight Loss 
Oil on Curing in Air 

10 9 

12 13 

13 18 

15 20 

16 20 

13 12 

16 19 

(b) (b) 

(b) (b) 
13 10 

14 13 

10 26 

13 30 

11 13 

14 17 

11 16 

14 29 



TABLE 3.6 Solidification of Oil-Saturated Vet]riculite Witb pqrtland � I Cement 

fQtllllllS!.tiQD Ne.i.ght �,;:centaae 
Sample Oil-Saturated

( ) Vermiculite a Portland I 
___LQ._ cement 

1 24 48 

2 35 35 

3 17 24 

4 50 20 

5 51 17 

32  20 50 

33 27 45 

34 33 42 

35 20 63 

36 27 57 

37 33 52 

38 (b) 20 55 

39 27 50 

40 33 46 

(a) 75 wt% oil . 

(b) Formulation judged to yield the most 
satisfactory solid in this group. 

� 
29 

30 

29 

30 

31 

30 

27 

25 

18 

16 

15 

25 

23 

21 

- 82 -

Vol tune% % Weight Loss 
Oil Qn curing ,in air 
27 11 

34 22 

40 29 

45 30 

43 33 

26 17 

35 15 

40 1 8  

24 7 

29 7 

34 8 

30 10 

36 12 

39 14  



3 . 2 . 3  Nutek 380-eement. 

The Nuclear Technology Corporation (NUTEK) has developed a 

proprietary chemical process to solidify radioactive waste oils [3] . 

Ingredients and details concerning waste formulations were obtained fran 

NUTEK. Samples prepared for this study are listed in 'rable 3 .  7 .  The 

ingredient Nutek 380A serves as an emulsifying agent; Nutek 380B S€rves 

to accelerate the set time. 

In this procedure, oil and Nutek 380A are mixed to a ere� 

emulsion consistency, then added to a mixture of Portland cement and 

slaked lime and stirred until homogeneous. (The amount of lime added to 

the cement is less than that which yields a masonry cement . )  The Nutek 

3ROB is then slowly added and the composition is stirred slowly for a 

short period and allowed to set (48 hours) . 

Good solid monoliths were obtained with this procedure and 

there were no instances of free liquid formation with these compositions. 

Sarrples 78 and 80 were judged to be best in a};Pearance and awarent 

strength, followed by 79 (which was somewhat softer) and 81 (which was 

softest) . It a};Pears that this process yields good solid waste forms at 

volum2tric oil loadings of about 30% .  

3 . 2 .4 Emulsifier. Portland � I Qement, and Sodium Silicate. 

Simulated waste specimens were prepared from batch mixtures of 

oil ,  ernulsif ier (Nutek 316 , also available from Nuclear Technology cur

poration) , Portland type I cement, and sodil.D11 silicate. An aqueous 

solution of sodil.D11 silicate (weight ratio of 3 . 22; density of 41 .0°�) 

was used in Table 3 . 8 .  No free standing liquid was observed with any of 

these specimens. 
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Sample 

-L.I2- .Q.U 

77 20 

78
(a) 

18  

79 22 

80
(a) 

19 

81 25 

TART·B 3.7 Solidification of Oil With W1'EK, 380=Ceuent 

fQmulatiQD �igbt Pet!Oentage 
Portland I 

Cement Lime Nutek 380A Nutek 380» .watei. 

46 6 .2 25 3 .7 o .o 

42 5.7 23 3 .4 8 . 4  

36 4 . 9  28 4 . 2  5 . 1  

so o . o  24 3 . 6  4 . 4  

29 4 . 0  31 . 4  4 . 8  5 .8  

(a)
Formulations judged to yield the most 

satisfactory solids in this group. 
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Volune% 

Oil 

29 

29 

32 

30 

43 

I 



TABLE 3.8 Solidification of Oil Plus Emulsifier (NUTEK 316) With Portland 
'IYPE! I CeJwmt - SOdilliD Silicate 

[QCW.latiQD �igbt �r;s;;entage 
Sanple Portland 
I.p. .Qil Cer!ent &wlsifier 

82 18 51 o.o  

83 (a) 23 46 2.0 

84 29 41 2.9 

85 33 38 3.5 

86 36 35 3.8 

87 38 34 4.U 

(a) Forrnulation judged to yield the most 
satisfactocy solid in this group. 

(b) Not determined. 
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Sodium 

Sili<:iite 

2.5 

3.8 

4.6 

5.3 

5. 9  

6.1 

Vol me% 
Hate.t Oil 

28 30 

25 39 

23 45 

21 49 

19 44 

19 (b) 



In t.:his procedJre, oil was first added to water and mixed with high 

speed mixer for 4 minutes. Cenent was then added and the mixture was 

mixed for 2 minutes. Emllsifier was added and mixing was maintained 

until a good haoogeneous mix was obtained. 'Iben, sodiun silicate was 

added. '!be specimens cured to firm, monolithic solids in about 24 

hours. 

Sanple 83 , with a voll..DtiE!tric loading of 39% oil , was judged to 

be the best canp:>si tion of this set, follOirled by 84 . Samples 85 and 86 

were soft, and 87 was very soft and crllllbly . 

3 . 2 . 5 DCM Oement Sbale Silicate. 

DCM cement shale silicate , a proprietary process, is available 

in kit form fran the manufacturer , Delaware Custan Materiel, Inc. , State 

College, Pennsylvania . For the tests done for this study, the manufac

turer ' s  directions were followed. Oil and then cement were added to 

water and mixed for 4-5 minutes. '!be emulsifier was then added and the 

composite mixture was mixed for 4 minutes. 'lhen , sodium silicate was 

added while the mixing was continued until a ere� composition was 

obtained ( in less than one minute) • 

Sample compositions made up with the DCM cement are given in 

Table 3 . 9 .  In this set, sample 88 was � udged to be best with a 30 vol% 

loading of oil; specimenJ of this composi tiort exhibited dry hard 

surfaces . Sample 89 had firm surfaces but evidenced some oily 

awearance. Sanple 90 produced specimens with soft and oily surfaces, 

while those of 91 were very soft and oily. Specimens fran sample 92 were 

soft and could be crushed easily by hand, while those of number 93 were 

too soft to handle. 

3 . 2 .6 EoVirostooe Qement. 

Envirostone polyrner-IOOdified gypsum cement is manufactured and 

marketed by the u . s .  Gypsum Coopany, Chicago, Illinois. 'lhe manufac

turer ' s  directions were used in preparing the formulations in this study. 
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TABLE 3.9 solidification of Oil Plus Emulsifier Witb DCM Cement - Sodium Siligate 

�IJ!Lilatian �igbt �'�tag� 
sample 

� .Qil DP!. eement Emulsifier 
88 (al 17 51 1 .6 

89 24 46 2 . 0  

90 29 41 2 . 9  

91 33 38 3 .3 

92 37 36 3 . 1 

93 38 3 4 3 .8 

(a} Formulation judged to yield the most 
satisfactory solid in this group. 

(b) Not determined. 

SodilJil 
Silicate 

2 .8 

3 . 8 

4 .6 

5 .3 

5 . 0  

6 .1 
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Vol1.111e% Oil IDss on Imnersion 
� Oil mL OiUmr. Specimen 

27 30 9/199 

25 38 16/210 

23 44 22/198 

21 48 30/190 

20 (b) 19/ (b) 
19 (b) (b) 



Liquid emulsifier, water , and oil were added to the Envirostone cement in 

that order and mixed at high speed with the air-pat�ered mixer for 2 

minutes. All samples set within about 10 minutes without any evidence of 

free liquid remaining on any of the specimens. 

sample compositions of oil and Envirostone cement are given in 

Table 3 . 1 0 .  '!he specimens for formulations 53 and 54 produced firm 

solids ,  while tho&: for 55 through 58 progressively ri:Ulged fran soft to 

very soft. Overall , sample 54 was judged to have the best performance 

characteristics of this set (this represents a volumetric loading effi

ciency of 36%) . 

TART.B 3.10 solidification of Oil With Eovirastone Cement 

fQtmUlaticn �igbt �tcentage 
Sample Envirostone Liquid Volume% % Weight Loss 
.....LDa..._ .Qil eeuent Additive HaW Oil on CUdng in Ait 

53 18 52 2 . 2  28 28 21 

54 (a ) 24 47 3 . 0  26 36 21 

55 30 43 3 .7 24 43 16 

56 34 40 4 . 3  22 48 13  

57 38 37 4 . 8  20 50 12 

58 40 36 5 . 0  2C 50 12 

(a) Formulation judged to yield the most 
satisfactory solid in this group. 

3 . 3  Solidification of Simulated Qrganjc Ligujd wastes. 

candidate solidification media for organic liquid wastes were sur

veyed and two were chosen for further study : Nutek-380 cement and DCM 
cement shale silicate. A simulated organic liquid waste, "NEN" solution, 

was prepared for this study. This solution, intended to simulate as 

- 88 -
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closely as possible the organic liquid waste stream produced at a typical 

radiopharmaceutical/labeled compound manufacturing facility, was prepared 

according to a compositional recipe suggested � a representative of New 
England Nuclear, Boston, Massachusetts. '!be coop>sition of "NEN" solu

tion is given in Table 3 .1 1 .  '!be density of this solution is 0 .81 g/ml. 

at ambient temperature. 

3 . 3 . 1 NUtek 380=Cerneot. 

Sanples were prepared using "NEN'' solution and the Nutek pro

cess described in Section 3 . 2 . 3 .  '!be sample coop>sitions which were used 

for this study are given in Table 3 . 12.  

samples 96-98 were unacceptable in t.hat specimens contained 

considerable quantities of free liquid ( ranging to 30% of the specimen 

volume for number 98) . Specimens from samples 101-103 eventually set up 

and gave dry monolithic solids after curing for several days in closed 

containers. An acceptable solid was obtained with sanple 102 which 

contained 6 weight percent "NEN" (about 10 vol% ) .  sample 101 gave soft

er , more crl.ll"bly specimens, while m.mtler 103 was intermediate between the 

two ( 101 and 102) . In all cases, the odor of organic vapors, particular

ly that of diethyl ether , was quite strong. 

3 . 3 . 2  EnVirostone Cement. 

samples were prepared using ��� solution and the Envirostone 

process described in Section 3 . 2 . 6 .  Sample coop>sitions are given in 

Table 3 . 13 . 

Eventually , all of the "NEN"-Envirostone specimens soldified, 

although free liquid persisted in sane cases. Sattple T4 was judged to 
give the best overall product (at 11 vol% "NEN") on the basis of general 

aJ;Pearance and the firmness of the solid which was formed. Nl.lllber 59 ( 26 

vol% "NEN") was judged to be much less acceptable dte to its soft nature, 

fo11CMed � nlltlber Tl (28 vol% "NEN") . With sanples 60 and 61, the top 

portions of the specimens were cracked and tended to flake off. Sm!ples 

62, 63 and 64 retained substantial portions of free liquid and were 
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considered to be WlaCoeptable. All of the "NEN" - Envirostone specimens 

initially had a free liquid layer rut sanples 59-62 and Tl-T4 eventually 

cured to form solids without any free Hquid. 

As with sanples of "NEN" plus Nutek 380-cement, the Envirostone 

samples exhibited strong odor of the organic mdxture when kept in closed 

containers. Hc:Mever, this dimdnished on standing for specimens which 

were removed from their containers due to evaporation of volatile organic 

constituents in the simulated waste. 

3 .4 Testing of Solidified Waste Fo.,'JI§. 

Selected solidified waste form specimens were subjected tn irmersion 

t�sting in water, vibratory shock testing, and flame testing. Discussion 

of the performance of these specimens under various testing conditions is 

described. 

3 . 4.1 Immersion Testing. 

Specimens representing all of the solidified oil formulations 

were subjected to immersion testing for periods ranging from 72 hours to 

rore than 1 week. '!be test consisted of irmersing each of the solid 

specimens {which were cylindrical and typically 47 nm in diameter and 

approximately 100 nm long) in 1750 ml of tap water at anbient ten{lera

ture. All of the specimens tested passed the immersion test in that 

there was little if any loss of sample integrity over the period they 

were inmersed. However , in rost cases sane oil was released from the 

solids as evidenced by a film on top of the inmersion solution. 'Ibis 

aiOOunt of released oil was determined in a ffM cases, such as shown in 

Table 3 . 9  for samples of oil plus emulsifier, DCM cement shale, and 

sodium silicate. 

'lhe loss of c-il from solidified waste forms, whether on 

draining out of the specimens when removed from containers and placed on 

paper mats, or on being imnersed in water, may bear little or no relation 

to the containment of radioactivity by actual solidified LLW forms. 

Actual LLW specimens will contain various radioactive elements in a 
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'1:.1\RI.E 3.11 Cooposition of "NEN" SW'.lated Organic Liquid waste Stream 

Simulated Organic Liquid Waste Stream 
Conpositian 

Coop:>nent 
conpment � Fornu1a 

Methanol 22 �OH 

Ethanol 22 SHsOH 

Acetone 9 �co� 

Isopropanol 5 �OJOH� 

Diethyl ether 9 C2Hs0SHs 

Ethyl acetate 4 C2HsCOO� 

n-Hexane 9 � (Cll2) 4� 

Benzene 4 C6f1i 

Toluene 4 C6H5� 

Acetonitrile 4 �rn 

1 ,2-Ethylene dichloride 4 SH4Cl2 

Chloroform 4 CllC13 

100 
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TABLE 3 . 12 Solidification of Simulated Organic Liquid waste ( "NEN") With 

Nill'EK 380=Cer!J:!nt 

�Qtmulati2D �i9bt PetQentag� 
Sample Portland 

I.D. � eenent � Nutek 380A Nutek 380B .Hater. 

96 20 49 6 .7 21 2.5 o . o  

97 18 45 6 . 1  19 2 . 9  8 . 9  

98 23 39 5.3 24 3.6  5 . 6  

101 13 63 8 . 5  14 2.3 o.o  

102 6 . 1  58 7 . 9  6 . 3  1 . 1  21 

103 10 59 8 . 0  11 1.6  11 
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TABJ.B 3.13 solidification of Simulated Organic Liquid waste ( "NEjN") With Envirostone 

folllllJatian �igb:t fet:!:<en:ta� 
Sanp1e Envirostone Liquid Vo1mne% 
I. D. � Cement Additive � "NEN" 

59 17 52 2 . 2  29 26 

60 23 48 3 .1 26 36 

61 28 44 3 . 8  24 43 

62 33 41 4 . 4  22 50 

63 37 38 4.9  21 (a) 

64 38 36 5 . 1 20 (a) 

T1 18 57 2 . 5  23 28 

T2 14 66 1 . 9  18 25 

T3 o . o  55 7 . 1  38 o . o  

T4 8.1 50 6 . 5  35 11 

(a)
not determined 
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multitude of chemical states and pqysical forms. 'lhese radionuclides may 

be activation products, fission products, or natural radioactive isotopes 

and transuranics ( if present at less than 10 nanocuries/g) • 'lhese 

radioactive elements may be present as particulates, or as dissolved 

species, or as sorbed species. In order to ascertain the effectiveness 

of the various solidification media in containing such materials and to 

predict the releases of radioactivity under various scenarios, extensive 

leach testing of the solidified products would be essential. The obser

vations noted here simply relate to the release of fluids (water, oil, 

etc. ) from the waste form specimens. 

3 . 4 .2 YibratotY Sbock Testing. 

Selected waste specimens were subjected to vibratory shock 

testing in order to simulate transportation conditions which rrdght be 

experienced b¥ LLW forms when shipped to burial sites. For this test, an 

electromagnetic :tl:>rating table (FMC Corporation Model J-50-B) was 

modified by construction of a metal fence around the outer edge of the 

platform. '!he vibrating frequency of this table was 2315 revolutions per 

minute ( 3 . 9  Hz) . '!he vibratory table top was loaded with formulations 

representing a wide range of oil content and solidification media as 

follCMs: 

1 to 58 

1 to 58 

Free-standing solids, had undergone immersion 

testing. 

Free-standing solids, not subjected to prior 

immersion testing. 

65 to 70 Solids contained in closed vials. 

82 to 87 Solids contained in closed vials. 

'lhese s�es were tested simultaneously for a one-hour period 

after which only a very small moount of loose naterial (venniculite and 

cement dust) was observed to be present on the vibratory table top. No 
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free liquid was observ::od. �us, all samples appeared to perform 

adequately in this simulated transportation mode. 

Another smaller group of waste specimens was likewise tested. 

Thes£ included solids contained in closed vials (the spec.tmens from 

formulations 82 to 93) . After one hour of testing, . two specimens (87 and 

93 , each containing 223 g oil to 200 g cement) did exhibit a very thin 

layer of free liquid on the top. 

3 .4 . 3  Flame Testina. 

An open flame test was applied to selected waste specimens. In 

this test, the specimens were contacted with an open flame fran a propane 

torch. In most cases, it was observed that vapors above the samples 

would ignite and burn as long as contact was maintained with the open 
flame. With the exception of two specimens, as discussed below, the 

flames were extinguish�d as soon a£ the propane torch was removed. The 

s�les which were tested are listed in Table 3 .14 

'1\Yo specimens, samples number 12 and 32, were observed to 

continue to sustain combustion after the propane torch was removed� 

Sample 12 was an oil/cement composition. Sample 32 was an oil-saturated 

vermiculite/cement composition. With both of these specimens, as well as 

one fran sample number 77 (oil/Nutek 380-cement) , oil was observed to 

flow out of the solid when heated. �ese results are not definitive 

since several weeks had �ssed since the specimens had been prepared and 

varying amounts of oil had already been released from these waste forms. 

However, it appeared that the Envirostone specimens showed the least ten

dency to lose oil or sustain a flame under these conditions. 

3 . 5  Qonclusigns. 

�e results obtained in this study indicate that there are several 

options available for the solidification of oil or organic liquid LLWs at 

low waste loadings t: 10 volume%) . For higher waste loadings, the 

choices are more limited and tbere is greater probability of obtaining 
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TABI.E 3.14 F1ame Testing of Selected Simulated WaSte 5,pecimens 

Sample Flame Test Result: E'lame Extinguished 
I. D. 

3 

12 

21 

25 

32 

36 

47 

51 

54 

58 

77 

81 

82 

83 

84 

85 

86 

94 

When Propane Torch ReJooved 
n:s m 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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When heated, oil fl<Xr�ed 
out of the solid. 

When heated, oil fl<Xr�ed 
out of the solid. 

When heated, oil fl<Xr�ed 
out of the solid. 



I 

unsatisfactory solids. '!his study concentrated on high waste loading 

formulations which are assumed to be more representative of actual LLW 
generators' practices. Based on the criteria applied in this study, 

acceptable solids were obtained ( i . e. , selected formulations yielded free

standing monolithic solids with < 1 vol% free liquid, which passed a 

water i.Jranersion test) • However , there are indications that these formu

lations may not be completely satisfactory on the basis of other or 

evolving LLW acceptqnce criteria. FUrther work would be required in 

order to more fully characterize these various waste forms including 

leach testing of selected radionuclides. 

Formulations judged to yield the most satisfactory solids for each 

solcd.fication media .with oil and ''NEN" solution are si.DTIMrized in Table 

3 . 1') . In the case Qf oil , volumetric waste loadings of the order of 30-

40 volume% may 
'
be realized with specimens of reasonable physical 

integrity. For "NEN", however , acceptable formulations are generally 

below about 10 volume% .  Especially for organic liquid wastes, 

alternative treatments such as incineration may be preferable to direct 

inunobilization. 

TABLE 3.15 Formulations Judged to Yield the Most Satisfactocy Solids 

I11100bilization 
Media 

Portland � I Cement 

Vermiculite plus 
Portland � I Cement 

Nutek 380-cement 

Oil 
� 

U5 (12 vol%) 

#38 330 vol% ) , sat ' d. 
#49 ( 11 VOl%) , 50% sat' d. 

i78 ( 29 vol%) 
lBO (30 vol%) 

Emulsifier , Portland � I 183 (39 vol%) 
cementf and Soditnn Sil icate 

I>CM Cenent iBB (30 vol%) 

Envirostone Cement #54 (36 VOl%) 

- ·  ' 17  -

Organic Liquid 
waste C "NEN"l 

i102 (6  wt%) 

4T4 (11 VOl%) 
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4 .  SOLIDIFICATION OF NITRATE SALT WAS'mS 

Descr.:i,ption of Nitrate salt wasteli.. 

WOrk was conducted to investigate the solidification of dry and 

aqueous sodii.Dil nitrate wastes. 1\queous wastes over the range of 30-80 

wt% sodii.Dil nitrate were used. As sodii.Dil nitrate is typically the major 

solute component in nitrate wastes, other less prevalent solutes were not 

included in simulated wastes for this study. 

4 . 2  �latjon nevelqgment. 

Portland type I cement, high ali.Dilina cement and vinyl ester-styrene 

were investigated for the solidification of nitrate salt wastes. Foonu
lation acceptability required the production of a free standing mono

lithic solid with no drainable free standing water after a cure time of 

one week or less. After curing at room temperature for fourteen days, 

waste forms were removed from their preparation containers to verify the 

formation of a free standing monolithic solid. Acceptable specimens were 

then subjected to a two week immersion test in demdneralized water (de
scribed in Section 2 . 2.2) during and after which they were required to 

maintain their mechanical integrity. 

4 . 2 . 1  SOlidification wjtb pprtland type I Oemeot. 

Water n.ust be present when solidifying sodii.Dil nitrate waste for 

cement hydration. 'JYpically, this water would be a coop:>nent of an aqu
eous nitrate waste although water could be added to solidify an initially 

dry nitrate waste. '!he amount of water is also important. water lll.ISt be 

present in a sufficient quantity to provide adequate workability to the 

cement-waste mixture. However, attempts to incorporate an excessive 

amount of waste (or water) can result in the presence of free standing 

water after solidification. 'Ibere must also be sufficient cement present 

to adequately i.moobilize the waste in a monolithic waste fom. 
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Portland type I cement waste forms were prepared using a Hobart 

model N-50 planetary action mortar mixer. '!be minimum water-to-cement 

ratio producing an adequately workable mixture with portland type I 

cement was 0 . 25 by weight. '!his mixture contains 20 wt% water and ao wt% 

cement. '!he maximum water-to-cement ratio not resulting in free standing 

water was 0 . 50 by weight. A range of formulations were initially pre

pared with each of the following aqueous waste streams. : 10, 25, 35, 45 , 

50 and 70 wt% sorlium nitrate. Triplicate specimens of various waste/ 

binder formulations were prepared for each of these waste streams to 

define the canpositional envelope for acceptable formulations. 'lhe 70 

wt% sodium nitrate waste stream was heated to provide a homogeneous,  

unsaturated waste solution (all others were unsaturated at room tempera

ture) . Formulations were cast into 4 .7 em diameter polyethylene contain

ers for curing. 'lbese containers were capped to prevent evaporative 

water loss. After curing at room tenperature for seven days, the speci

mens were examined for free standing water. After fourteen days, the 

specimens were removed from their containers to verify the formation of a 

free standing monolithj c solid waste form. Acceptable formulations were 

then subjected to the two week water iimnersion test. No formulations 

failed the water immersion test. 

Figure 4 . 1  is the ternary compositional (i'lase diagram for the pro

duction of acceptable aqueous sodium nitrate waste forms with portland 

type I cement. 'Ibis diagram also indicates formulational regimes which 

result in l.ll"M'Orkable mixtures and in free standing water. '!he maximum 

amount of sodium nitrate in an acceptable formulation was f;.>und to be 68 

wt% . 'Ibis information is shCMn in a different form ir. Figure 4 .2. In 

this figure, waste/cement ratios for acceptable formulltions are plotted 

as a function of the weight percentage sodium nitrate in the waste. 

Aqueous wastes containing greater than 85% sodium nitrate could not be 

solidified since they do not contain sufficient water to hydrate the 

quantity of cement necessary to produce a monolithic solid. In areas 

above the acceptable ranges, free standing water results, in areas below, 

insufficient mixability occurs. 
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4.2.2 Solidification With High Almnina. Cegmt. 

The use of high alumina cement as a solidification agent for 
aqueous nitrate wastes is similar to that for portland type I cement. 
HCMever, since it i s  chemically different fran portland type I cement 
and forms other cement hydrates, it is not unexpected that it should 
have a unique compositional envelope for acceptable formulations. The 
procedure employed to determine the range of acceptable formulations and 
the methods of specimen preparation were identical to those enployed 
with portland type I cement. 

Figure 4.3  is the ternary compositional (tlase diagram for the 
solidification of aqueous sodium nitrate waste with high alumina cement. 
As compared to portland type I cement (Figure 4.1) , the high alumina 
cement has a smaller range of acceptable formulations. This is also 
apparent in Figure 4 . 4  which indicates the ranges of waste/cement ratios 
which result in acceptable formulations for various sodium nitrate con
tents in the waste. On the basis of the acceptability cri teria enployed, 
there appears to be no obvious benefit to the use of high alumina cement 
over portland type I cement for the solidification of aqueous nitrate 
waste. 

4 .2.3  Solidification With VinYl Ester-Styrene. 

Vinyl ester-styrene (VES) is a proprietary (a) water extendable 
binder used for the solidification of wet solid wastes. Sodium nitrate 
wastes were mixed with vinyl ester-styrene under high shear mixing condi
tions. Vinyl ester-styrene is a water extendable monomer and under the 
proper mixing conditions, water in the waste forms a stable emulsion with 
the monomer . waste solids are physically entrapped after polymerization 
of the monomer. The VES-waste emulsion is polymerized at roan tenpera
ture with a catalyst-promoter . High shear mixing is not required for the 
incorporation of dry solid wastes since the formation of an emulsion with 
waste water is unnecessary. 

(a) Dow Olemical Company, Midland, MI 
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Vinyl ester-s�rene waste forms were prepared using a high 

speed electric mixer with a propeller type blade. Appropriate additions 

of catalyst and pranoter were made during the proper stages of the pro

cess. Mter carponent addition and mixing, the mixture was transferred 

to polyethylene vials (4.7 em diameter I:¥ 9.8 an high) for room tenpera

ture polymerization. The formation of a stable emulsion and polymeri

zation of VES waste forms are dependent upon the quanti� of pranoter and 

catalyst added, the quanti� of waste added, the rate of waste addition, 

the order of addition of components, and the establishment of high shear 

mixing conditions. 

Figure 4 . 5  is the ternary compositional �ase diagram for the 

solidification of aqueous sodium nitrate waste (up to 70 wt% soditm1 
nitrate) with vinyl ester-styrene. At concentrations above 7 0  wt% sodium 

nitrate in the waste, it was difficult to maintain proper mixing condi

tions to form a stable emulsion as a result of the high visco�i� of the 

mixture. A maximum sodium nitrate content of 57 wt% was determined. 

While this sodium nitrate loading is lower than those achieved with 

portland � I or high alumina cements, the vinyl e�t�r- s�-rene binder 

exhibited an ability to incorporate large quantities . of water in the 

waste stream. This is indicated in Figure 4.6 , by the broad range of 

acceptable waste/binder ratios for a given waste stream. This figure 

also indicates the maximum waste/binder ratio achievable for the solidi

fication of dry sodium nitrate; 4 . 25 by weight. 'Ibis corresponds to a 

sodium nitrate loading of approximately 81 wt% in the waste form. 

4 . 3  Compression Strength. 

Compression strengths were determined for portland type I cement, 

higl alumina cement and vinyl ester-styrene waste forms containing sodium 

nitrate waste. This testing was perfonned using a Soiltest (a) Model 

CT-2520 conpression tester and AS'.IM test method C39-72 ,  "Test for the 

Conpressive Strength of Cylindrical Concrete Specimens. " 

(a) Soiltest, Inc. , Evanston, IL 
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4 . 3 . 1  PQrtland � I Qemeot. 

Coop;::ession test specimens were right circular cylinders, 4. 7 

an in diameter by awroximately 9 .8 an long. Specimens were prepared 

as described earlier with aqueous waste streams containing 35, 55 and 80 

wt% sodium nitrate. Various waste/cement ratios were used for each waste 

stream as indicated by earlier formulation developnent work (see Figure 

4 . 2) . A cure ' time of 29 days at room temperature was used. Three repli

cate specimens of each formulation were tested. 

Measured compression strengths are shown in Figure 4.7.  In 
this figure, compression strength is plotted versus (NaN03 + water)/ 

cement ratio by weight where (NaN0
3 

+ water) is the total waste composi

tion. Canpression strength was observed to decrease with increasing 

waste/cement ratio. '!be rate of decrease as a function of waste/cement 

ratio was sloweL as the water content of the waste decreased. Compres

sion strengths of 5 , 000-6 ,000 psi were measured for each waste stream 

using waste/cement ratios producing acceptable formulations near the 

mixability limit. '!be compression strength decreased with increasing 

waste/cement ratios. However, at waste/cement ratios near the free 

standing water limit, compression strengths were still in the range of 

600-1,400 psi . 

4 . 3 . 2  High A1umina Qement. 

Compression test specimens were right circular cylinders 4.7 

an diameter by approximately 9.8  an long. Specimens were prepared as 

described earlier using aqueous waste streams containing 35, 55 and 60 

wt% sodium nitrate. Various waste/cement ratios were employed for each 

waste stream as indicated by earlier formulation developnent work (see 

Figure 4 . 4) . A cure time of 36 days was used. 'lbree replicate specimens 

of each formulation were tested. 

Measured compression strengths are shown in Figure 4 . 8 .  Com
pression strengths were observed to be essentially independent of waste/ 

cement ratio for each waste type and sodium nitrate content in the waste 

for the formulations tested. Compression strengths of 1,250-1 ,350 were 

measured. 
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4 . 3 .3 Vinyl Ester-Styrene. 

Compression testing was also performed using viqyl ester

styrene waste forms. These specimens were prepared as described earlier 

using waste streams containing 35 , 55 , 70 and 80 wt% sodium nitrate. 

Three replicate specimens of each formulation which were right circular 

cylinders, 4 . 7  em in diameter and approximately 9.8  em long were tested. 

Formulations used were determined as a result of earlier formulation 

development studies (see Figure 4.6) . These waste forms were tested 28 

days after specimen preparation. 

Compression strengths measured are shown as a function of 

waste/binder ratio in Figure 4 .9.  Compressive strengths were found to 

decrease with increasing waste/binder ratio for each waste stream. For a 

given waste/binder ratio, compression strength increased with increasing 

sodium nitrate content (and hence decreasing water content) in the waste 

stream. The highest compression strengths , 3 , 400-3 ,800 psi were observed 

for formulations containing dry sodium nitrate waste. Pqueous sodium 

ni trate formulations had compression strengths of 700-2 ,300 psi. 

4.4 1eacbability. 

Leach testing to determine the rate of nitrate release was performed 

for portland type I cement, high alumina cement, and viqyl ester-styrene 

waste forms . Two specimens of ea.ch formulation were leach tested. The 

test employed was an extension of the ANS 16 .1  leach test described 

previously in Section 2 . 2 . 8 . 2 .  In this test, demineralj zed water leach

ant is used. The leachate is sampled and replaced at cumulative leach 

time intervals of 2 hours, 7 hours, 24 hours, 48 hours, 72 hours, 96 

hours and 120 hours. Subsequently, leachate sampling and replacement was 

performed at cumulative leach times of 8 days, 11 days, 18 days and each 

seven days thereafter for a total leach time of 81 days . Leach specimens 

were right circular cylinders, 4.7 ern in diameter and 9 . 8  em long. A 

leachant volume to sample external geometric surface area ratio of 10 em 
was used. 
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Leachate samples were measured colorimetrically for nitrate content 

using a Technicon autoanalyzer (a) . The nitrate content of the leachate 

aliquot was related to the total leachate volume to determine the quan

tity of nitrate released from tbe waste form. 'Ibis value was compared to 

the original nitrate content of the leach specimen in order to determine 

the fraction nitrate release. In graphical presentations of the data 

obtained, the cumulative fraction nitrate release is multiplied by the 

factor (V/S) where v is the specimen volume and S is its external geo

metric surface area. If leaching occurs b¥ diffusion from a semi-infi

nite homogeneous medium having a zero surface concentration for all 

t > 0, then (neglecting decay) : 

where,  

a
n 

cumulative nitrate release 

A0 = inil�al nitrate � :1tent 

V specimen volume 

s = specimen external geometric surface area 

D
e 

= effective diffusivity and 

t = cumulative leach time. 

Ek:}n. 4.1  

The factor (V/S) i s  then a normalizing factor for differP.nt waste geome

tries and sizes. The effective diffusivity is a material constant. 

Nitrate leaching data is shown in Fi�Jre 4 .10-4 .12 for portland type 

I cement waste forms, Figure 4 . 13 for high alumina cement waste forms and 

Figures 4 .1 4-4 . 17 for vinyl ester-styrene waste forms. These f igures 

include data for waste forms produced using different aqueous sodium 

nitrate waste streams and a range of waste/binder ratios as suggested b¥ 

for.mulation development work. For portland type I cement, 30 , 50 and 70 

(a) Technicon, Inc . , White Plains, NY 
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wt% sodium nitrate waste streams were used. 30 wt% sodium nitrate waste 

was incorporated for leaching of high alumina cement specimens. Vinyl 

ester-styrene waste forms utilized 30, 50, 70 and 100 wt% sodillll nitrate 

\lloaste. 

'!he data showu in Figures 4.10-4 .17 can be directly coopared with 

each other to indicate the effect of binder type, sodillll nitrate content 

in the waste, and waste/binder ratio. In general, leachability was found 

to increase with increasing sodium nitrate content in the waste ·form. 

Sodium nitrate content in the waste form is increased 1¥ incorporation of 

higher sodium nitrate content waste streams and/or use of higher waste/ 

binder ratios. en the tasis of the data generated, high alumina cement 

waste forms appear to have significantly higher leachability for nitrate 

waste (for total sodium nitrate contents of approximately 0.1 wt%) . '!he 

leachability of vinyl ester-styrene waste fonns is lower than portland 

type I cement waste forms. However , rapid releases can occur fran vinyl 

ester-styrene waste forms after sane time at lower leach rates (see 
Figure 4 . 14) . '!his can occur due to the establislunent of surstantial 

water patlrtlays into the waste form. '!his type of behavior can be worsen

ed in actual practice if the waste form is not hanogeneous and water can 

reach large pockets of waste solids. NOte however, that many of the 

vinyl ester-styrene waste forms tested had sodium nitrate contents con

siderably higher than in the canent waste fonns. 
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5 .  SOLIDIFICATION OF INCINERA'IDR .ASH WASTE 

5 . 1  Description of Incinerator Ash Wastes. 

A large fraction of solid radioactive waste consists of combustible 

materials. Such combustible solids include protective clothing, rubber 

boots and gloves, paper ,  rags , filter aid materials, and ion exchange 

resins . Volume reduction of these wastEs assumes considerable importance 

relative to the potential for reducing disposal costs and conserving 

existing shallow land burial site capacity. Wnile a number of volume 

reduction options are available for combustible solid wastes, the most 

attractive option is some form of incineration. However, while incinera

tion does result in a large volume reduction for these wastes, the incin

erator ash residue produced is highly dispersible. As a result, the 

immobil ization of incinerator ash waste by solidification is important. 

Solidification studies have utilized an incinerator ash produced by 

the rotary kiln incinerator developed at t."'le Rockwell International Rocky 

Flats plant. �bis incinerator was used to burn a non-radioactive waste 

feed whose composition is representative of the combustible low-level 

wastes generated at the plant. This waste feed composition is listed in 

Table 5 . 1 .  

Table 5 .1 .  Rotary Kiln Feed Composition 

Constitutent 

Paper 
Polyethylene 
Neoprene 
Kerosene 
Polyvinyl Chloride 
Tributyl Phosphate 

Weight % 

40 . 0  
22 . 8  
1 8 . 8  

9 . 5  
7 . 9  
1 .0 

The feed rate to the incinerator for waste solids was 6 . 8  kg/hr ; 

waste liquids were fed at a rate of 0 . 45 liter/hr.  The incinerator was 

operated at a temperature of 1000°C ± 100°C with ru1 after-burner tempera

ture of 1400°C ± 100°C. '!"11e chemical composition of the resultant ash, 
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as measured bf DC arc emdssion spectroscopy, is shown in Table 5 . 2 .  

Confidence limits for this analysis are awroximately ±lO% for concen
trations above one weight percent and ±50% for lCYtJer concentrations. 
While the silicon content of the ash is listed as >10 wt% , an analysis at 
the Rocky Flats plant gave a dlicon content of 15 wt%. 'Ihe elements 
listed, with the exception of carbon, are largely present as oxides. 'Ihe 
ash contained no significant radioactivity content above background 
levels. 

Table 5.2  Rotary Kiln Incinerator Ash compositional Analysis 

.El.er�Dlt Weight% 

Al 18 

c 13 .1 

Si >10 

ca 5 

Ti 4 .8 

zn 2 .6 

Mg 1 

Ni'.J. o . s  
r·e 0 . 3  

K 0 .1 

Ni 0 . 1  

cu 0 .08 

Cr 0 . 05 

Sr 0 . 05 

Mn 0 . 03 

Pb 0 .03 

'Ihe rotary kiln ash has a bulk density of a.wroximately 0 .23 gfcm3 • It 
has a visual awearance similar to cigarette ash (gray-white in color) , 
but exhibits color gradations and has carbon present as a distinct 
particulate. In the presence of water the ash exhibits a pH of 
a.wroximately 6 .  
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5 . 2  Formulation Pevelqgment. 

'lbe use of portland C<:!lllE:nt, high alumina cement, polyester-styrene 

and vinyl ester-styrene for tl1e solidification of rotary kiln incinerator 

ash was studied. Fbr.mulation acceptability required the production of a 

free standing monolithic solid with no drainable free standing water 

after a cure time of one week or less. After curing in their containers 

for 14 days, waste forms were removed frcrn their containers to verify 

formation of a free standing monolithic solid. Acceptable specimens were 

then subjected to a two week immersion test in demineralized water (de
scribed in Section 2 . 2 . 2) during and after which they were required to 

maintain their mechanical integrity. Specimens were cured at ambient 

room temperature in sealed polyethylene containers. 

5 . 2 . 1  PQrtlaod � I Oement. 

Portland type I cement was used to solidify the rotary kiln 

incinerator ash. Since the ash itself is dry, water must be added to 

this system for cement hydration. The amount of water added is important 

since sufficient water must be present to for.m a workable &td pourable 

cement mix. However, the addition of an excessive amount of water can 

result in the presence of free standing water after solidification. 

While it is also desirable to incorporate as much incinerator ash as 

possible into the final waste form, sufficient cement must be included in 

the formulation to hold the waste form together producing a monolithic 

mass. Also, the cement-waste mixture must have a sufficiently long set 

tin� to allow complete mixing and transfer from the mixing equipment to 

the container in which the mixture is cast. 

Sufficient water must be added to any given cement-ash waste 

mixture to provide adequate workability during mixing. Good workability 

is required to provide a homogeneous, pourable mixture in a reasonable 

time using conventional mechanical cement mixing techniques. A Hobart 

Model N-50 planetary action mortar mixer was used for this study. 'lbe 

minimum water-to-cement ratio producing an adequately workable mixture 

with portland type I cement alone (no ash) was 0 . 25 by weight. 'Ibis 
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corresponds to a mixture containing 20 wt% water and 80 wt% cement. When 

incinerator ash was added to this mixture, it "balled up" and adequate 

workability was lost, apparently due to insufficient water in the mix. 

This was indicative of the ash itself absorbing water from the mixture. 

It was subsequently determined that the ash has considerable 

water absorption capacity which was partially attributed to its large 

particle size and porosity. '!he ash was difficult to mix directly with a 

cement�ater mixture, unless sufficient water was first added to satisi� 

the ash ' s  absorptive requirements. COnversely, adequate workability was 

only achieved when cement powder was added to wetted ash with sufficient 

water present to satisfy both ash absorption and cement workability 

requirements. However, the water required to saturate the ash is weakly 

held since when sufficient water is added, a minimum of mixing typically 

results in an excessively wet mixture in which sane water separates to 

the top. 

Prior ball milling of the ash was found to minimize these 

tendencies. Ball milling decreases the ash particle size and changes its 

geometry, lowers ash water absorption requirements and results in a more 

homogeneous ash waste with a bulk density of approximately 0 . 37 g!cm3 • 
The increased ash bulk density also facilitates fabrication of the waste 

form and appears to permit an increase in the aroount of ash waste that 

can be incorporated. 

A ternary compositional phase diagram was developed for the 

solidification of the ball milled rotary kiln ash in portland type I 

cement (see Figure 5 .1) . '!he area indicated represents those formula

tions meeting acceptability criteria. Also indicated are those regions 

where free standing water was observed after curing or insufficient water 

was present in the formulation for adequate workability (mixability 

limit) • Note that acceptable waste forms were obtained f.com formulations 

containing up to 50 wt% incinerator ash and as little as 3 wt% portland 

type I cement. A maximum incinerator ash loading of 40 wt% was obtained 

using the as-received (not ball milled) ash. 
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5 • 
2. 2 High Almnina Ce!oont. 

Limited foonulational development work was conducted using high 

alumina cement to deteDnine if there were any obvious advantages to its 

use over portland type I cement. High almnina cement is a high early 

strength (rapid curing) cement which is composed primarily of monocalcium 

almninate ccao AI2o3) .  A naxillll.U!I loading of 50 wt% ash was achieved 

using the tall milled rotary kiln ash. With the as-received ash, a 

maximlUII loading of 45 wt% ash was obtained. While an aJ:Parent advantage 

of using high allUilina cement was observed for solidification of the as

received ash, no additional work was conducted. Only minimal processing 

(ball milling) is required to provide increased waste loadings using 

portland type I cement which is less expensive and more readily available 

than high alt.mlina cement. 

5.2.3 Eolyester-styrene. 

Foonulation developnent work was conducted for the solidifica

tion of the rotary kiln incinerator ash with thermosetting polymers. 

Most of this work utilized a commercial grade polyester-styrene (LB183-

18) marketed 1:¥ the United States Steel Olemical canpany, Linden, New 

Jersey. 'Ibis resin contains 50 wt% styrene, the remainder consists of 

equal parts of two different polyester resins. A catalyst-promoter 

system was used to initiate polymerization of this resin at room tempera

tures. '!he promoter (cobalt napthenate) acts to cause the catalyst 

(methylethylketone peroxide) to decompose, fooning free radicals, at room 

temperatures. These free radicals initiate polymerization of the polyes

ter-styrene monomer. Without use of a promoter, temperatures of S0°C or 

higher are required to initiate monomer polymerization using this cata

lyst. 

Polyester-styrene foonulations containing as much as 55 wt% 

ball milled rotary kiln incinerator ash were prepared. The ball milled 

ash was initially used rather than the as-received ash as a result of the 

work conducted with portland cement which suggested that prior ball

milling would facilitate mixing operations. 
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Formulation of polyester-styrene waste forms is performed bf 

\l)  addition of the catalyst to the polyester-styrene rnonaner, (2) addi

tion of the incinerator ash waste to the monaner containing catalyst and 

(3) addition of the pranoter to the rnonaner-ash mixture. (A pranotor 

addition of 0 . 5% of the weight of polyester-styrene and a catalyst addi

tion of 1 . 2% of the weight of polyester-styrene were used. )  Each step 

requires thorough mixing to insure uniform distribution of the compo
nents. Normally in this type of system, the pranoter is added last to 

prevent premature polymerization of the monomer although under certain 

conditions a change in the order of addition may be useful. Mixing was 

performed in a mixing vessel using a high speed pneumatic mixer with a 

propeller type blade. After canponent addition and mixing, the mixture 
was transferred to solidification containers which were low density 

polyethylene vials with naninal dimensions of 4. 7 an I.D. and 9 .8 em 
height. A vibration table was used to remove air voids from viscous 

mixtures. 

Attempts to incorporate greater than 55 wt% ball milled ash 

resulted in an excessively dry mixture which tended to "ball up" . The 20 

wt% ash formulations cured rapidly (approximately 2 hours) and exhibited 

a significant curing exotherm, due to the high monomer content. Using 

the as-received incinerator ash, a maximum of about 45 wt% ash was suc

cessfully solidified. 

The maximum quantity of ash that can be incorporated is related 

to the viscosity of the monomer used. Styrene content can be increased 

in polyester-styrene systems to reduce monomer viscosity. The maximum 

ash that could be incorporated in a polyester monomer (containing no 

styrene) was found to be about 20 wt% before the mixture became too 

viscous during mixing to add additional ash. When a polyester-styrene 

mixture containing 20 wt% styrene was used, 50 wt% ash could be incorpo

rated. As mentioned previously, polyester-styrene containing 50 wt% 

styrene produced fonnulations with up to 55 \it% incinerator ash. While 

the addition of styrene to polyester monomer increases the amount of ash 

which can be incorporated, styrene additions in excess of 20 wt% have 

relatively little effect in allowing further increases in incinerator ash 

waste content. 
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5 . 2 . 4  Vinyl Este�-styreoe. 

Vinyl ester-styrene
(a) 

is a proprietary water extendable binder 

used for the solidification of wet solid wastes. The monomer is capa

ble of fanning a stable emulsion with w�ter in waste under high shear 

mixing. The resin-waste emulsion is then polymerized at room temperature 

by use of a catalyst-promoter system. water in the waste is iiiiOObilized 

as small discrete droplets in the solid matrix while solids in the waste 

are mechanically held as particulate in the matrix. While a prime attri

bute of the vinyl ester-styrene system is its ability to solidify aqueous 

wastes through the formation of a stable emulsion, this behavior is not 

relevant to the solidification of dry incinerator ash wastes. 

wastes forms incorporating rotary kiln incinerator ash were 

prepared in a manner similar to that described for polyester-styrene. A 

maximum ash loading of 50 wt% balJ milled ash was achieved; hololever, this 

mixture would not completely polymerize. An elastic solid resulted 

instead of the Ck:sired hard, rigid solid. A maximum of < 30 wt% ball 

milled ash could be incorporated to fonn a hard, rigid solid with sug

gested catalyst and promoter additions. Apparently components in the 

incinerator ash reacted with the catalyst andVor promoter and inhibited 

more complete polymerization. To improve polymerization, catalyst and/or 

promoter additions could be increased. Hcwever, it w<:s noted that the 

maximum ash loading producing a workable mixture (50 wt% ash) was less 

than that obtained with polyester-styrene. As a result, and since poly

ester styrene is a less expensive base material , no attempt was made to 

further investigate changes which would enhance polymerization of vinyl 

ester-styrene. 

(a)
Dow Cllemical Company, Midland, MI 
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5 . 3  Qoropression Strengtb. 

Compression strengths were determined for portland type I cement, 

polyester-styrene, and vinyl ester-styrene waste forms incorporating ball 

milled rotary kiln incinerator ash. AS'IM method C39-72 ( "Test for the 

Compressive Strength of Cylindrical Concrete Specimens") and a Soil test 
(a) 

Model CT-2520 compression tester were employed. 

5 . 3 . 1  pqrtland � I Cement. 

Compression test specimens were right circular cylinders, 4 . 7  

an diameter by 9 . 8  an long. Specimens were prepared as described earlier 

using formulations contain� �g 20 , 30,  40, and 50 wt% incinerator ash and 

employing various (ash + water) /cement weight ratios. Increasing (ash + 
water) /cement ratios at a constant incinerator ash content are indicative 

of inr·reasing water/cement ratios. Specimens were prepared in polyethy

lene vials which were sealed during curing to prevent evaporative water 

loss. A cure time of 34 days was used. Three replicate specimens were 

compression tested for each waste form formulation. 

Figure 5 .2 i .�dicates compressive strength as a function of (ash 

+ water )/cement ratio for waste form incinerator ash contents of 20 , 30,  

40 and 50 wt% . The parameters of weight percentage incinerator ash and 

{ash + water )/cement weight ratio are sufficient to specify the composi

tion of the waste form. In general,  compression strengths were observed 

to decrease with increasing ash content and increasing water content in 

the waste forms. Compression strengths of 1 , 000 psi or more were obtain

ed for waste forms containing a3 much as 40 wt% incinerator ash. Compres

sion strengths of portland type I cement waste forms containing 50 wt% 

ash were low (50-100 psi) , however, these waste forms only contained 

between s . o  and 7 . 0  wt% cement and had water/cement wei ght rafi 0s of 

(a)
Soiltest, Inc. , Evanston, IL 
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between 9 . 5  ana 6 . 6  respectively. 'lhese water contents are far above 

those necessary for hydration of the cement, but are required to satisfy 

the ash ' s  absorptive requirements and to provide a workable cement-ash 

mixture. Obviously, in practice, water contents as lCM as practicable 

but meeting workabili� requi�ements would be used. 

5. 3 .  2 VinYl Ester-styrene and PolYester-styrene. 

Compression testing was also performed with vinyl ester-s�rene 

and polyester-s�rene waste forms containing 20-40 wt% and 30-50 wt% 

rotary kiln incinerator ash, respectively. Specimens were right circular 

cylinders, 4 .  7 em in diameter and 9 . 8  an long. 'lhree replicate speci

mens were prepared in polyethylene vials as described earlier . Compres

sion testing was perfocned 29 days after specimen preparation. 

'!he results of compression testing for these waste forms are 

shown in �·igure 5 .  3 .  Polyester-s� rene waste forms containing 30-50 wt% 

incinerator ash demonstrated average compression strengths between 1 ,250-

1 , 300 psi, with only a small decrease observed with increasing ash con

tent. Similarly, vinyl ester-s�rene waste forms containing 20 wt% 

incinerator ash had an average compression strength of 1 ,350 psi . HOW

ever ,  as described previously, vin¥1 ester-s�rene waste forrr� containing 

3 0  wt% incinerator ash or more did not polymerize sufficiently to form a 

hard rigid waste form. Resultant average compression strengths of 100 

psi and 60 psi were obtained for vinyl ester-s�rene waste forms contain

ing 30 wt% and 40 wt% incinerator ash, respectively. 
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6 .  USE OF ADDITIVES FOR IMPROI7ED ACI'IVITY RETENTION 

6 . 1  Introduction. 

Previous work [lJ with additives had identified a variety of 

materials intended to increase the retention of radioactive materials in 

waste forms. In this work, materials were screened for uptake capacities 

of cesiun and strontium by the measurement of distribution ratios (R
d

) .  

'!hose additi"es exhibiting the greatest R
d 

(uptake) were incorporated 

into laboratory scale portland type III cement waste forms which con

tained 
60

eo, 
137 Cs and 

85
sr tracers. A leach test was enq;>loyed to 

determine the rate of activity release from the waste fonns. 

Mineral colloid BP and adsorption alumina were used as additives 

canprising 5 weight percent of the waste fonn solids. Alumina showed no 
effect on the leachability of either cesium or strontium even though it 

had a very high R
d 

for these elements. Mineral colloid BP, a montmoril

lonite clay product of Georgia Kaolin Company, reduced the rate of re

lease of cesium by a factor of 2 but increased the rate of release of 

strontium by a similar factor . In neither case did the results of the 

initial uptake scr�ening {measurement of R
d

) adequately reflect the re

sults of the leach tests. 'Iherefore, a new awroach was taken. A leach 

test alone was used to determine the efficacy of additives. 

6 .  2 Experimental MeJ;bQQ. 

Laboratory scale waste forms, measuring 4 .  7 em in diameter and 7 . 0  

em in height were prepared using portland type III cement. 'lhe 

fonnulation used consisted of : 131 g portland tj--pe III cement, 6 .6 g 

additive, 70 g water and 1 ml of mixed tracer solution. The tracer 

solution contained 12 .2  JJ Ci/ml of 
137

es ,  9.76 Ci of 
60

eo and 3 . 36 JJCi 

of 
85

sr . 'lhe additives tested in these fonnulations and sul:sequent 

static leach tests were : 
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ZBS-3 , chabazite 
(Source : Oxidental Minerals Corp. , Lakewood, 00) 

ZBS-4 , mordenite 
(Source : Oxidental Minerals Corp. , Lakewood, 00) 

ZBS-5 , erionite 
(Source: Oxidental Minerals Corp. , Lakewood, 00) 

ZBS-14 , clinoptilolite 
(Source: Oxidental Minerals Corp. , Lakewood, 00) 

Chiton, 
(Source : ground shrimp shells) 

Thixojel tl , a montmorillonite clay product, 
(Source: Georgia Kaolin Company, Elizabeth, NJ) 

Ionsiv A-51 , a synthetic zeolite 
(Source : Union carbide Corp. , Linde Division, MoorestCM1, NJ) 

Ionsiv IE-95 , a synt�etic zeolite 
(Source : Union carbide Corp. , Linde Division; MoorestCM1, NJ) 

Mineral Colloid BP, a montmorillonite clay product , 
(Source : Georgia Kaolin Company , Elizabeth, NJ) 

Coal Fly Ash 
(Source: Colstrip Coal, Ml') 

Silica PcMder 
(Source: Fisher Scientific Company, Pittsburgh, PA) 

The waste forms were prepared by first measuring out the water into 

the plastic specimen preparation containers. The tracer solution was 

then pipetted into each container. Preweighed mixtures of cement and 

additives were slowly mixed by hand into the water-tracer solution 

mixture. Small, steel wire hooks were placed into the wet cement for use 

as lifting eyes to suspend the waste forms during the subsequent leach 

tests . The waste forms wee� covered and allowed to cure at roan 

temperature for two weeks. TWo portland type III cement specimens 

containing water and tracer solution, but no additive, were prepared for 

each leach test series. 

Static leach tests were conducted using distilled water leachant. A 

leachant volume to specimen external geometric surface area ratio of 10 

an was employed. 10 ml of water were withdrawn for each sampling. The 
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sanpling intervals were 0.25 ,  1, 2, 3 , 4 and 8 days. The leachate 

samples were placed into plastic test-tubes and centrifuged prior to 

analysis. Aliquots of 5 ml. each were taken for garrma spectroscow on a 

Tracer NOrthern 4000 system using an intrinsic germanium gamma detector. 

From the counting results, fraction activity release data were calculated 

and plotted for averages of the duplicate samples. 

6 . 3 EXPerimental Results. 

Ce::-ium leaching curves for portland type III cement waste forms 

containing each of the additives tested are shcx.m in F'igures 6 . la and 

6 . lb. TWo sets of samples were prepared and tested at different times. 

Therefore, each group must be compared to its own reference neat-cement 

sanple (no additive) . 

As shcr,.m in Figure 6 . la, the neat cement, as expected, had the great

est leach rate. Samples containing fly ash and silica powder as addi

tives fell very near the neat cement curve and are not shown. The focnu

lation containing thixo-jel U leached less than the neat cement samples 

while the two synthetic zeolite-containing samples had even lONer frac

tion releases. In Figure 6 . lb, which also canpares the 137
cs fraction 

releases of additive samples with those of neat cement, the fraction re

lease from the neat cement. samples is slightly higher than that of the 

previous set. All of the additive containing samples in Figure 6 . lb fall 

into a relatively narrow range. These additive materials are all natural 

zeolites. 

Th�"" �::.}nthetic zeolite IE-95 had the lCPtJest cesium fraction release 

of any additive ( 1 . 48 x 10-2 
after ten days leaching) . This material is 

a zeolite composed primarily of the chabazite structure �. It is sup

plied in a mixed ion focn containing Na+, Mg
+2 

and ca+2 ions . 

The natural zeolites all have good retention capabilities for 

cesium. A typical fraction release for these minerals is awroximately 

2 .  7 x 10-2 dter ten days of leaching, about double that of the synthetic 
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• NEAT CEMENT 
• THIXOJEL # I 
• SYNTHETIC ZEOLITE A - 51 
o SYNTHETIC ZEOLITE IE- 95 

3 4 5 6 7- 8 9 10 I I  
LE ACHING TIME (days) 

F i g . 6 . l { a )  Ces i um l ea c h  rates a re s hown for neat c ement s am p l e s  and cemen t  
wi t h  add i t i v e s . 

Fi g .  6 . l ( b) 

• NEAT CEMENT 
ZBS - 3  

o ZBS - 4  
• ZBS - 5  
o ZBS - 14 

10-'b 2 3 4 5 6 7 8 9 10 
LEACHING TIME (days) 

Ces i um l ea c h  ra tes a re s hown for neat c ement a nd cement wi t h  natura l 
zeol i te addi t i v es . 
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zeolite. However , large quantities of these natural zeolitic materials 

presumably could be obtained at a much lower price than could the IE-95 

zeolite. 

CUrves showing the fraction release of strontium from the waste 

forms tested are given in Figures 6 .2a and 6 . 2b. Of the materials shown 

in Figure 6 . 2a, only the synthetic zeolite A-51 provided any reduction of 

strontiun1 fraction release ever that of the neat cement samples. The 

other additives shown in Figure 6 .2a produced higher strontium fraction 

releases. All of the natural zeolites reduced strontium leachabili� 

somewhat. lhe greatest change was only a 2-fold decrease 1:¥ the ZBS-4 

and ZBS-5 additive sample. Strontium releases from these samples were 

still slightly higher than the neat cement and the A-51 zeolite as shown 

in Figure 6 .2a. It is concluded that none of the additives tested made 

any significant differences in the leachabili� of strontium from cement 

waste forrrs. It should be nbted that strontium fraction releases are 

typically an order of magnitude lower than those of cesium from neat 

cement samples. 

In summary, additive screening tests which determine R
d 

are not 

effective in predicting the usefullness of a material in reducing leacha

bility from a waste form. A simple static leaching test of the additive 

in an appropriate binder provides a more accurate determination of addi

tive effectiveness. None of the materials tested were found to signifi

cantly reduce strontium leaching. same of the additives tested showed 

promise in reducing cesium release from cement waste forms. One mater

ial , a synthetic zeolite, provided an order of magnitude reduction in 

cesium fraction release. Other natural zeolites, while not quite as 

effective are promising because they may be available at lower prices. 
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• NEAT CEMENT 

• THIXOJEL # I 

• SYNTHETIC ZEOLITE A - 51 
o SYNTHETIC ZEOLITE IE -95 

a M I NERAL COLLOID BP 

I O ""o 2 3 4 5 6 7 8 9 10 II 

LEACHING TIME (days) 

Fi g .  6 . 2 ( a )  S t ron t i um l ea c h  ra tes a re �: hown for neat cement 
a n d  c ement wi th a dd i t i ve s . 

F i g .  6 . 2 ( b ) 

w (f) <( w ..J w 0:: 

10·1 

z 10·2 
0 i= � 0:: lJ_ 

I0-3 
• NEAT 

• ZBS - 3 

o ZBS - 4 

• ZBS - 5  

o ZBS - 14 

I0"4o 2 3 4 5 6 7 s 9 10 
LEACHING TIME (days) 

Stront i um l ea c h  rates are s hown for neat cement and cement p l us  
natural  zeol i t e  add i t i v e s . 
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7 .  TErnNICAL ASSISTANCE 

The waste Form Development program also provides technical assis

tance as required by the L<M-Level Waste Management Program (I.ll'lMP) • 

During FY 1982 , technical assistance efforts consisted of participation 

in two working committees organized by EG&G Idaho, Inc. The f irst 

committee worked to develop waste acceptance criteria for shallow land 

burial . The second corranittee considered the develOIJ!Ient of enviromnental 

release criteria for solia radioactive waste. EG&G, Inc. is responsible 

for writing the criteria documents resulting from these efforts. 
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