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EARLY CONTAINMENT OF HIGH-ALKALINE SOLUTION SIMULATING LOW-LEVEL 
RADIOACTIVE WASTE STREAIcf IN BLENDED CEMEW 

R.A. Olson, P.D. Tennis, D. Bonen’. H.M. Jennings, T . 0  Mason, B.J Christensen, A.R. Brough., 
G.K. Sun. and J.F Young.; Center for Advanced Cement-Based Materials, Northwestern 
University, 2145 Sheridan Rd., Evanston, IL 60208, *Center for Advanced Cement-Based 
Materials, University of Illinois at Urbana-Champaign, 204 Ceramics Buildjng, 105 S. Goodwin, 
Urbana, IL 61801 

ABSTRAm 

Portland cement blended with fly ash and attapulgite clay was mixed with high-alkaline 

solution simulating low-level radioactive waste stream at a one-to-one weight ratio. Mixtures were 

adiabatically and isothermally cured at various temperatures and analyzed for phase composition, 

total alkalinity, pore solution chemistry, and transport properties as measured by impedance 

spectroscopy. 

The total alkalinity is characterized by two main drops. The early one corresponds to a 

rapid ie111oval of phosphorous, aluminum, sodium, and to a lesser extent potassium from the pore 

solution. The second drop from about 10 h to 3 days is mainly associated with the removal of 

aluminum, silicon, and sodium. Thereafter, the total alkalinity continues descending, but at a 

lower rate. 

All pastes display a rapid flow loss that is attributed to an early precipitation of hydrated 

products. Hemicarbonate appears as early as one hour after mixing and is probably followed by 
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apatite precipitation. However, the former is unstable and decomposs at a rate that is inversely 

related to the curing temperature At high temperatures, zeolite qpears at about 10 h after 

mixing. At 30 days, the stabilized crystalline composition includes zeolite, apatite and other 

minor amounts of CaCO,, quartz, and monosulfate. 

Impedance spectra conform with the chemical and mineralogcal data. The normalized 

conductivity of the pastes shows an early drop, which i s  followed by a man decrease from about 

12 h to three days. At three days, the permeability of the cement-baxd waste as calculated by 

Katz-Thompson equabon is over three orders of magnitude lower than that of ordinary portland 

cement paste However, a further decrease in the calculated permeability IS questionable. It 

appears that this cement-based waste prevides a rapid stabili~honlsolidification and its 3-day 

physical containment of the waste is comparable to that of 28-day plan portland cement paste. 

In addition, chemical stabilization is favorable through incorporation of waste species into apatite 

and zeolite 

INTRODUCTION 

Stabilizatiodsolidification of hazardous waste has become a mqor concern in the modem 

industrial society due to the growing public awareness coupled wth restnchve environmental 

regulations governing waste disposal. Cement-based systems arl: favorable for waste containment 

because they are considered as durable, inexpensive, nonflammable, set at ambient conditions and 

have low permeability. 



paste, and (c) chemical fixation through deposition and ion substitution [1,2]. Mature portland 

cement paste has a large B.E.T. surface area (about 200 m’/g as measured by nitrogen) which is 

attributed to the tortuous and interconnected ink-bottle pores that dectease the transport properties 

of the paste. Blended cement (e.g., cement containing pozzolanic materials) pastes usually display 

lower permeabilities than do plain portland cement paste [e.g., 31. The high pH of about 13.5 to 

I 2  5 characteristic to cement paste is favorable for precipitation of many hazardous metals as 

hydroxides, such as, cadmium and nickel [I] ,  sulfate, sulfide, phosphate, carbonate (21, and 

americium [4]. 

I 

During the recent years, considerable research efforts have been aimed at formulating 

bzmded cement for immobilization of low-level radioactive waste. Accordingly, a specific 

mixture design was developed for the containment of Hanford low-level waste. in a decreasing I 
ordzr, this is based on fly ash, portland cement, and clay needed for meeting high temperatures 

on one hand, and a wide range of specifications concerning pumpability, toxicity, compressive 

s e a g t h ,  heat of hydration, leachability, irradiation, thermal conductivity, curing time, and 

expansion on the other hand (51. Recent studies conducted on similar blends have shown a rapid 

s-ng and precipitation of zeolite as one of the hydrated products (63. Zeolites are hydrous 

alr=ninosiIicates that may facilitate a greater rate of chemical fixation due to their high capability 

of ion exchange, 
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.As a part of a larger research effort aimed at validating the suitability of stabilizing the 

volatile materials from off-gas system of Low-Level Waste Disposal Vitrification Facility, this 

blend for immobilizing this kind of waste, the objectives of this paper are to characterize the 

cement-based waste system and evaluate its transport properties, i e., the decrease in diffusivity 

and permeability over time as monitored by impedance spectroscopy. 

CONCEPE3 OF JMPEDANCE SPECTROSCOPY 

Impedance spectroscopy (IS) is an non-destructive electrical analysis technique that has 

been in use for characterinng the microstructure of cement paste for several years [7-111. An 
f 

alternating current IS applied to the specimen and the impedance is measured as a function of 

frequency, which is used to calculate the-conductivlty and &electric constant of the paste. 

The concentranon of the pore solutton changes wtb nme, so the conductiwty of the paste 

IS normalized by the pore fluid conducttvity The normalized conductivity (ah,) is a 

mimixstructural parameter that is dependent on the size, tortuosity, and interconnectivlty of the 

p o r e s  of the paste and defined as 

ulhcre 0 = conductivity of the paste , 0, = conducnvity of the pore fluid, (Do = volume fraction 

of capillary porosity, and 0 = a connectivity factor (8,121 The normalized conducbwty decreases 

with hme as the pore volume decreases and the tonuosic mcreases 
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The normalized conductivity of the paste is directly related to the normalized diffusivity 

Arcugh the Nernst-Einstein equation: 

D / Do = (ah,) 

=here  D is the diffusivity of the ion in t,,e paste (m’/s) and Do is the intrinsic diffusivity in pure 

warsr 18,131. The normalized conductivity is also related to permeability by the Katz-Thompson 

equarion: 

K = (11226) (d,)’ (ah,) 

m =$ich, d, is the critical pore diameter and K-is the permeabiiity (dsec)  [12, 143. Recently, a 

rsasanable agreement between the permeability derived from IS measurements and values 

Deaured  by conventional techniques was established [ 81 

Additionally, the microstructure of the cement paste can also be characterized by its 

dkelsctric response. The distribution of pore sizes and the pore structure creates a characteristic 

duelcctric constant (E) that can reach extremely high values. Assume a material of thickness b is 

pifaced between two plates of a capacitor with a separation D and the space between each plate 

and the material is d. Then the capacitance is defined: 

c = Eeff E, (m) = E, E, (A/(D-b) = E, E, (A/d) = E, E, (D/d)(A/D) (4) 
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Nhcre E , ~ ,  is the effective dielectric constant, E, is the dielectric constant of the material in the 

g q  (d), E, is the permittivity of free space, and A is the area of the electrodes. The effectwe 

dieiectric constant is then: 

w k c h  can be quite large depending upon the D/d ratio, referred to as the dielectric amplification 

facmr. A large amplification and large effective dielectric constants can be obtained if conductlve 

grms with D diameter are embedded in insulating grain boundanes, where d denotes the gram 

boundary thickness [ 151. Based on measurements and modelling, it was suggested that in cement 

pasze the dielectric amplification factor is defined by the capillary pore size (D) and d is the 

thickness of C-S-H gel between pores [8-1 I]. 

EXPERIMENTAL PROCEDURE 

To be reiterated, the formulation of the blended cement was carried out elsewhere [SI. One 

thousand g of dry blended cement composed of 21% ASTM Type I/II portland cement, 68% 

Class F fly ash, and 11% attapdgite (palygorskite-type) by mass was prepared by rotating it in 

a lazge plastic cylinder for 16 h. In parallel, a simulated waste solution with a composition shown 

1z1 Table 1 was constantly stirred and kept at 50 C. In order to simulate the temperature profile 

of h e  industrial waste, the cement was added to the solution when the temperature of the latter 



ne weight ratio in ah 

Hobart mixer for two minutes, stopping twice to redistribute and recover $e paste from the walls 

HY& a spatula 

in  order to analyze the effects of the currng conditions and the vanous properties of the 

blcnd that is supposed to be placed in near-subsurface vaults, four cumg regimes were tested. 

Figure 1 shows the temperature schedule of the samples. The upper curie (sample 4)  represents 

thc temperature profile of the blend cured under simulated adiabatic conditions assuming that 

th? maximum temperature goes up to 90 C after 3 days and then level off The rest (samples 

1.1.3) followed the adiabatic conditions up to 55, 70, and 85 C, and thm cured isothermally at 

the corresponding temperatures 

The impedance was measured using a HeGlett-Packard Model 4 192A impedance analyzer 

(Htwlett-Packard, Boulder, CO). An impedance cume was generated by collecting 128 data 

pcmts in logarithmic intervals in a frequency range of 1 1  MHz to 5 Hz. The resistance and 

cqacitance of each sample were determined by fitting simulated impedance curves to the 

ewr imen ta l  curve through the origin [16). Further details of the measurement and correction 

prccesses are given elsewhere [ 8- 101 

A 3 mm thick polycarbonate cylinder with an inner diameter of 23 mm was used as a sample 

hoidler for the IS analyses. Two stainless steel electrodes were placed 6 cm apart inside the 

c y h d e r .  The paste was cast, sealed, and placed horizontally in a glass chamber containing a 

smlfl amount of de-ionized ir/ater to prevent evaporaoon. 



Mercury intrusion porosimetry measurements (MIP) were conducted using a 

Quarntachrome Autoscan 33, pressurizing from ambient to 33000 psi Samples were solvent 

rephced with methanol for 1 day, then D-dried for at least 2 days before teshng. The critical pore 

& m e t e r  was defined as the inflection point in the total intruded volume vs. diameter curve (the 

8 

Pore solutions were extracted from companion samples using a nee1 die press followng 

the procedure of Barneyback and Diamond [17]. The conductivity of t h e  extracted pore solution 

was measured at the temperature corresponding to the time it was expressed from the paste. 

Thermal equilibrium was assumed h e n  the conductivity of the solution was constant at 100 kHz.  

The extracted pore solutions were diluted to 1 : 100 and analyzed by inductively coupled plasma 

phomspectrometry (Plasma 40, Perkin-Elmer, Norwalk, CT). Addioonally, the diluted pore 

so lmons  were titrated by adding 0.5 M HNO, and measuring the pH change with a drgital pH 

mer=r. X-ray diffraction (XRD) analyses were carried out m a Phillips dffractometer equipped 

wtt a graphite monochrometor. 

manmum dV/dP value). 
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Ta5le 1 : Chemical Composition of the Simulated Waste 

Density 
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2.05 
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",. 

1 .a 

--+r 105.99 
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REsULlS AND DISCUSSION 

Total Alkalinity and Pore Solution Composition 

Figure 2 shows the fitration curves of the pore solutions extracted at various bmes from 

&e cement-based waste cured adiabatically The original waste solubon displays a step-like curve 

=iTh several end points correspondmg to the neutralization of different species, e g , OH‘, NO,-, 

NO,, PO:., and C022. (see Table 1) The pore solubon extracted at 0 2  h also produces a 

mp-l ike curve, but its ionic strength is considerably lower than that of the original waste By one 

Lour and onward, the titration curves are S-shaped wth  a single end pout, indicating that through 

precipitation OH- becomes the predom!nant species governing the pH of the pore fluids. 

Additionally, attention is drawn to the continuous decrease of the ionic strength of the pore fluids 

Figure 3 shows the decrease of the total alkalinity with time The term total alkalinity 

is defined here as the acid neutralizing capacity titrated down to pH 7 and expressed as OH- 

q a v a l e n t .  A substantial drop in the total alkalinity from about 3.9 to 2.5 M occurs from mixing 

t o  one hour (Figure 3a), probably due to an early removal of P, Al, Na, and K as is shown below. 

Tnereafter, the monotonic decrease in the total alkalinity is followed by a major drop from about 

1C> to 100 h. After about 3 days, a further decrease in the totai alkalmity is registered, but at a 

lo-wer rate. The above main drop corresponds to a notable decrease in the pH (Figure 4), and the 

resdtant changes in Composition and precipitation of phases bear a significant effect on the 

i tqedance  spectra. 



a n i  phosphorous contents. The latter is almost completely removed from the pore solution within 

tbt7 first four hours from mixing (Figure 5 ) .  Aluminum follows a similar course and its 

mncentration in the pore solution decreases more than 5 fold. The rates of removal are inversely 

relsed to the curing temperatures. Sodium shows a greater dependence on temperature. At 5 5  C 

od:- a slight decrease in its concentration was recorded, whereas at 90 C, it drops from about 

40C13 to 2500 mmolar. Potassium also decreases during the first four hours, but at a lower rate 

It IS evident that any decrease or increase in the pore solution concentration is the result of 

piezipitation 01 dissolution, respectively. Thus, the concentration of the species in the pore 

solution is also affected by the solid phases of the blended cement This means that once 

phosphorous was removed from the original waste solution there is no other source for it. In 

COEZmSt, the fly ash and to a lesser extent, the clay provide a contmuous supply of silicon, 

aluminum, and potassium through the decay of the solid constituents 

Figure 6 is an another illustration for the removal of the elements from the pore fluid of 

ti15 adiabatically cured paste. The second drop in the total alkalinity (Fig. 3) from about 10 h to 

3 h y s  corresponds to a decrease of AI3+,Si4&, and to a lesser extent of Na' and S6+. Ca2+ and K' 

axcentrations have the lowest decrease rates. After 3 days, the rate of removal of ions from the 

p o ~  solution considerably slows down. 

M Commsition 
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It should be noted that Hanford tank waste solution has two unfavourable features: high 

alkslinity and high temperature. The latter is expected to result form the internal heat generated 

due to the low-level radioactive waste decomposition in the large isolated disposal sites. This 

in nun gives rise to uncommon hydrated products that are formed in cementitious materials. 

Brough et al. [6] x-rayed similar pastes cured from 45 to 90 C and showed that tetracalcium 

A m i n a t e  monosulfate (AFm) phase appears in the paste cured at 45 C one hour after mixing and 

rzazhes a maximum at one day. At 7 days, its content is about one h r d  of its maximum. In the 

p ~ z e  cured adiabatically, it reaches a maximum at 9 h and disappears at 1 day. in the latter paste, 

m h t e  (sodalite-type) appears at 9 h and its content IS steadily increased over time. In the paste 

cursd at 45 C, zeolite appears at about 1 day. Katz et al. [ 181 has noted that a significant amount 

of heat is liberated during the time corresponding to AFm formation, and this reacbon is the main 

s3usce of heat generated under adiabatic conditions 

In another suites of pastes cured at 55, 70, and 90 C up to 30 days, hemicarbonate 

(:cacalcium aluminate hemicarbonate- 12 hydrate) appears in the one-day x-ray pattern of the 

qxz imen cured at 55 C, but is absent from 3 days and on. Figure 7 shows the correspondmg 

p.tsl;s for hemicarbonate (H), zeolite (Z), and calcitim phosphate (ap) at 1 day and 55 C. In 

e h o n ,  a fair amount of unreacted clinker minerals (alite designated as A), quartz (Q) and 

m d i t e  (M) are present. The calciuq phosphate formed is probably carbonate apatite. However, 

s m g  diffractions, especially around its strongest line at about a d-spacing of 2.8 A prevent 

abmlute identification. Nevertheless, the almost complete removal of phosphorous from the pore 

scl=rtlon makes the deposition of apatite or another phosphate phase unavoidable. The effects of 
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asc and temperature on the apatite peak-height is questionable. It appears that its peak-height 

increases to some extent up to 3 days and at higher temperatures, but the latter can equally be 

related to a better crystallization 

In turn, zeolite formation is clearly age and temperature controlled. Higher temperatures 

fa\-or a higher rate of zeolite deposition. Figure 8 dso shows that the amount of zeolite increases 

to some extent up to 30 days. Fraay et al. [I91 and Bijen et al. 1201 inhcated that the rate of fly 

ash dissolution is related to alkalinity, pH, and temperature, and it is quite sluggish below pH 

13 and 40 C. It may be postulated, therefore, that the dissolution rate of fly ash slows down with 

Qmg, as is supported by the moderate increase in peak height of zeolite at 30 days. This may also 

account for the lack of change in the transport properties after 3 days as is discussed below 

In addition to the phases mentioned, calcite is identifiable from 3 days and onward. At 

3 0  days, besides C-S-H, the stabilized phase assemblage includes zeolite, apatite, quartz, and 

calcite. Of interest are two more features. The appearance of a small peak of AFm phase at 90 

C and the reduction of the mullite peak at about 3.39 A. The former phase probably corresponds 

to monosulfate and the absence of the  latter one may indicate that the crystalline phases of the 

fl>- ash have become amorphous. Attention is drawn to the potential chemical fixation of this 

--stem, as apatite, zeolite, and monosulfate c8n incorporate many heavy metals including 

rzuboactive ones into their structures. 
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Figure 9 displays the normalized conductivlty vs time for the above pastes Although the 

cunng temperature affects the normalized conductivity, the patterns as a whole are similar. At 

one hour the normalized conductivity drops sharply irrespective of temperature, indicating a rapid 

formation of products that results in a decrease and/or disconnecuon of capillary porosity (refer 

to equation 1). In turn, the normalized conductwity of plain portland cement has higher values 

and decreases at a lower rate. The rapid decrease of the normalized conductivity of the cement- 

based waste is also supported by the rapid setting behavior of these pastes It was noted that a 

rapid flow loss occurred within the first hour after rnixlng, which is probably related to the early 

precipitation of hemicarbonate and apatite 

Several simplified systems were cured isothermally at 85 C for 24 h for evaluatmg the 

effects of precipitation on the normalized conductivity Solut~ons of NaOH, AI(NO,).BH,O, and 

Naj(^P0,)-12H,0 were mixed wth cement and fly ash at 1.1 ratio by mass I t  was noticed that 

the conductivity at one hour does not decrease unless NaJPO4)-12H,O is added to the mixtures. 

This supports the view that phosphate joins hemihydrate and precipitates at one hour, and both 

phases play a dominant role causing a reduction in the paste consistency and an early set. 

Following the early precipitation dmussed above, the normalized conductivity of the 

pastes cured at different conditions continues descending at various rates (Fig. 9). The shoulder 

mat appears after about 3 h may be related to deposition of C-S-H along With the previous 

phases, and by six hours, the normalized conductivity has reached 0.1, about 25% of its original 
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The main drop in the normalized conductivity appears after about 12 h. This drop, which 

1s most certainly associated with zeolite formation, effectively reduces the normalized 

conductivity by reducing the capillary porosity and increasing the tortuosity of the capillary pores 

At 24 h, the normalized conductivity is already over an order of magnitude lower than its original 

startrng value. 

Permeability 

Permeability was calculated via the Katz-Thompson equation (eq. 3) using the measured 

values of the normalized conductivity and the critical pore diameter Figure 10 displays the 

permeability constant (K) for hydration times of 3, 7, 14, 28 days, and 3 months, of the paste 

cured at 90C, together with calculated values from Christensen et al. [8], and measured values 

from Nyame and Illston j21, 221, and Banthia and Mindess 1231 for portland cement pastes. It 

a.pj?ears that at 3 days the permeability of the cement-based waste (waste solution-to solids ratio 

of I .O) is over three orders of magnitude lower than that of portland cement paste with a w/c of 

0.5- and over an order of magnitude lower than cement paste with a w/c of 0.35. Apparently, the 

products formed at a few days in the cement-based waste reduce the permeability more 

effectively than the corresponding plain portland cement pastes. IIowever, between three days and 

tbrte months the permeability remains constant, probably because zeolite precipitation slowed 

dc=n due to a decrease in pH. Thus, at 28 days, the permeability of the plain cement is about 
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the same order of magnitude as the cement-based waste correspondlng to the range of l O - ”  and 

Didecbic Amdification 

Figure 11 is a plot of the effective dielectric constant vs time of the specimens cured at 

55, 70 and 85 C. The dielectric constant of the latter two specimens begns increasing at the same 

nmz, just after the drop in the normalized conductwity at about 10 h suggesting that zeolite 

induces dielectric amplificatron The extremely high dielectric constants recorded correlate to a 

high D/d ratio This is interpreted in terms of the presence of large conductwe pores embedded 

in thin boundary layers To be noted is q e  decrease in E wth temperature This may be attributed 

to the coarser pore structure of portland cement paste cured at higher temperatures [3] suggesttng 

that the paste cured at 55 C has a lower Did raoo and a more homogeneous microstructure 

In contrast to portland cement, the dielectric constant of the cement-based waste follows 

a different course Once a maxlmum was established (large pores wth thm walls) it does not 

decrease. This supports the view that after about 3 days changes in the pore microstructure are 

h i e d .  

CONCLUSIONS 

4 1) Hanford waste is characterized by an early set due to deposition of hemicarbonate and 

q m t e .  This results in a sharp depletion of the corresponding ions from the pore solution and a 

drop of over 66% in the normalized conductivity within the first 4 hours 
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t2) The combination of high sodium content and high-A1 bearing ingredients at high 

temperatures facilitates zeolite precipitabon as early BS ten hours after mixing. This stage is 

m d e d  by a prominent decrease in the total alkalinity, pH, and normalized conductivity. 

( 2 )  The rapid decrease in the normalized conductivity results in a conespondtng decrease in 

permeability. Even though the normalized conductivity does not drop after three days, it is 

comparable to that of 28-day plain portland cement paste. 

( 4 )  The 28-days phase assemblage of the cement-based waste is composed of naturally 

occurring minerals: zeolite, apatite, quartz, and calcite, along with C-S-H and possible minor 

amcunt of monosulfate. 

( 5  ) Solidification/stabilitation of the waste is attributed to the early physical containment of 

the waste and potential chemical fixation due to incorporation of elements into the apatite and 

m t r t e  structures. 
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Figure 1: Temperature schedule for the four different heat treatments The heavy solid line 

represents the adiabatic condition. 

Figrue 2: pH vs. mL HNO, used for the titration of the extracted pore solutions of the sample 

adiabatically cured. Pore solution dilution factor x 100. Figure 2(a) shows the same plot for the 

ori&&al waste solution. 

F i p s e  3: Total alkalinity vs. time as expressed in term of [OH] equivalents of the sample 

ad.~&atically cured. Figure 3a is the same plot up to 2 hours. 

Figure 4: The variations of the pH vs. time of the extracted pore solution from the sample 

admbatically cured. 

Fi-pne 5 :  The variations of the concentrations of Na, K, P, and AI up to 10 h of the pore solution 

of t ?~e  pastes cured at 5 5 ,  70, and 9OC. 

Figme 6: The variations of the concentrations of Na, K, Ca, AI, Si, and S up to 30 days of the 

p m  adiabatically cured 

Figme 7: One-day X-ray pattern of the paste cured af 55C. T h e  following denotes: A=alite, 

--apatite, C=CaCO,, H=hemicarbonate, Mu=muIlite, Q=quartz, and Z=zeolite. 

F i p e  8: X-ray patterns of pastes cured at 9OC. The following denotes: ap=apatite, C=CaCO,, 

CH=Ca(OH),, &gypsum, H=hemicarbonate, M=monosulfate, Q=quartq and Z=zeolite. 

Figure 9: The normalized conductivity vs. time for the pastes cured at 55,70, and 85C and that 

of plain portland cement paste of w/c = 0.5. 

Figzre 10: A comparison of the calculated and measured permeabilities of various pastes. 
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Fi-eure 1 1 :  Effective dielectric constant vs. time for the pastes cured at 55, 70, and 85C 
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