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EXECUTIVE SUMMARY 

This report describes results from experiments conducted in a laboratory-scale combustor to 

investigate the potential of alumina-silicate sorbents to scavenge volatile cesium and strontium.  This 

work was conducted as part of a multi-institutional research project involving the U.S. Environmental 

Protection Agency, National Risk Management Research Laboratory (EPA, NRMRL), the University of 

Arizona (UA), the University of Illinois at Urbana Champaign (UIUC) and Sandia National Laboratories 

(Sandia).  The objective was to provide the underlying scientific basis for the use of sorbents in thermal 

reactors for the scavenging of cesium and strontium wastes.  The project consisted of the following 

components. Chemistry interaction was investigated at the UA by personnel from both UA and UIUC, 

including screening studies of cesium and strontium sorption in a laminar flow reactor. Theoretical 

models describing the motions of drops and particles in turbulent flow fields were developed at UA 

working with Sandia and UIUC.  Those results are presented in a final report under Grant Number DE-

FG07-97ER14831.  Experimental tests of cesium and strontium sorption in a turbulent flow reactor were 

conducted by EPA, NRMRL and are presented in this report. 

The DOE metal-bearing waste inventory is large and diverse, both with respect to the metals 

(heavy metals, transuranics, radionuclides) themselves, and the nature of other species (organics, anions, 

etc.) present.  Separation and concentration of metals, especially radionuclides, is desirable for reducing 

the volume of waste that will require special treatment and isolation.  Processes capable of treating a 

variety of waste components will have major advantages in terms of development, capital and operating 

costs.  One such method is the high temperature treatment of atomized liquid waste to promote the 

reactive capture of volatile radionuclides and other metallic species on collectable particulate substrates.  

Compared to low-temperature processes that remove metals from the original waste stream by extraction, 

precipitation, ion exchange, etc., some of the attractive features of high temperature reactive scavenging 

are: 

• The organic constituents in some metal-bearing wastes (in particular, low-level mixed 

wastes) must be treated thermally in order to meet the requirements of the Resource 

Conservation and Recovery Act (RCRA) and Toxic Substances Control Act (TSCA). 

• No species need to be added to an already complex liquid system. This is especially 

important in light of the fact that DOE has already experienced problems with evolution of 

organic vapors from tanks where complexants were added to precipitate radionuclides. 

• Organic species already present are destroyed with very high efficiency. 



 5

• The same basic approach can be used to treat a broad range of liquid wastes, in each case 

concentrating the metals (regardless of liquid-phase oxidation state or association with 

chelators or adsorbents) using a collectible sorbent. 

• High temperature processes are also robust with respect to the inevitable variations in 

feedwaste compostion. 

Prior to initiation of the current research study, suitable sorbents for DOE metals of interest, 

particularly cesium and strontium, had not yet been identified.  Although some work had been done 

investigating the potential of a silica fluidized bed for the adsorption of cesium by Crosley and Kedl (41) 

and previous work on sodium sorption by kaolinite suggested that sorbent may be a possible candidate for 

cesium sorption, there existed no experimental proof of the efficacy of kaolinite for the adsorption of 

cesium in a turbulent thermal reactor.  Further, no sorbent had yet been identified for strontium prior to 

initiation of this work.  The results of the current research study have been encouraging that thermal 

treatment with sorbent injection can sequester volatile radionuclides into collectible particulate forms.  

Sorption of cesium and strontium on kaolinite powders was investigated as a means to minimize 

the emissions of these metals during certain high temperature processes currently being developed to 

isolate and dispose of radiological and mixed wastes.  In this work, non-radioactive aqueous cesium 

acetate or strontium acetate was atomized down the center of a natural gas flame supported on a variable-

swirl burner in a refractory-lined laboratory-scale thermal reactor.  Kaolinite powder was injected at a 

post-flame location in the combustor.  Cesium readily vaporizes in the high temperature regions of the 

combustor, but was reactively scavenged onto dispersed kaolinite.  Global sorption mechanisms of 

cesium vapor on kaolinite were quantified, and are related to those available in the literature for sodium 

and lead.  Both metal adsorption and substrate deactivation steps are important, and so there is an 

optimum temperature, between 1400 and 1500 K, at which maximum sorption occurs.  Development of 

the kinetic model for cesium sorption is invaluable for optimization of sorbent injection and thermal 

process design. The presence of chlorine inhibits cesium sorption.  In contrast to cesium, and in the 

absence of chlorine, strontium was only partially vaporized in the furnace and was, therefore, only 

partially scavengeable.  The strontium data did not allow quantification of global kinetic mechanisms of 

interaction, although equilibrium models and experimental data suggest that the addition of chlorine 

promotes almost complete vaporization of strontium.  In the absence of chlorine, the amount of scavenged 

strontium decreases with sorbent injection temperature.  These results have implications for the use of 

sorbents to control cesium and strontium emissions during high temperature waste processing including 

incineration and vitrification. 
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1.0 BACKGROUND 

1.1 Introduction 

In the U.S., four federal agencies including the Environmental Protection Agency (EPA), Nuclear 

Regulatory Commission (NRC), Department of Energy (DOE), and Department of Transportation (DOT) 

define and regulate the storage, processing, transportation, and disposal of nuclear wastes.  These 

regulated wastes are classified into four categories.  Spent reactor fuels and high-level wastes (HLWs) 

include irradiated fuel assemblies removed from nuclear reactors as well as the liquid reprocessing wastes 

produced during solvent extraction processes performed on spent fuel to recover fissionable materials.  

Transuranic wastes (TRUs) are defined as waste materials that contain transuranic elements (atomic 

numbers > 92) with half-lives greater than 20 years and combined activities greater than 100 nanocuries 

per gram (1).  TRU wastes are almost exclusively the result of weapon fabrication and decommissioning 

processes.  Uranium mill tailings are the radioactive sand-like waste materials that remain after uranium is 

extracted from mined ore (2).  Finally, low-level wastes (LLWs) include, by definition, all radioactive 

wastes that are not defined as spent fuels and HLWs, TRUs, or uranium mill tailings.  LLWs include 

radioactive contaminated industrial, research, or medical wastes including paper, rags, plastic bags, 

protective clothing, cardboard, packaging materials, syringes, animal carcasses, liquids, and water-

treatment residues (2).  However, because LLWs are, by definition, a catchall category, they include 

wastes with both low and high radioactive concentrations, containing both short- and long-lived 

radionuclides (3).  HLWs, TRUs and LLWs may also be defined as mixed wastes if they also contain 

additional non-radioactive materials such as heavy metals, solvents, paints, oils, or other hazardous 

organic materials that meet the definitions of hazardous wastes as regulated by the Resource Conservation 

and Recovery Act (RCRA), and the Toxic Substances Control Act (TSCA).            

The DOE currently manages over 340,000 m3 (90,000,000 gallons) of legacy HLWs that were 

generated during the reprocessing of reactor fuels during the production of nuclear weapons.  These 

wastes, representing almost 700,000,000 curies of radioactivity, are stored in several hundred large 

above- and below-ground storage tanks at four major sites across the country (1).  These locations include 

the Savannah River Site (SRS) near Aiken, SC, the Hanford Reservation, near Richland WA, the Idaho 

National Engineering and Environmental Laboratory (INEEL) near Idaho Falls, ID, and the Oak Ridge 

Reservation (ORR) near Oak Ridge, TN.  Problems associated with these legacy wastes are exemplified 

by the situation at the Hanford Reservation where 67 of the 177 underground tanks there have leaked or 

are suspected to be leaking (4,5).  The wastes in these tanks are highly variable, and include mixtures of 

solid sludges and solutions of radioactive and hazardous materials.  Some tanks require active control to 

maintain temperatures within allowable limits, and some wastes generate hydrogen, vapor-phase organics 
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and other volatile species that must be vented to avoid flammable concentrations.  Radionuclides of major 

concern include cesium-137 (137Cs) and strontium-90 (90Sr) which have half-lives of 30.2 and 28.8 years, 

respectively.  Together, 137Cs and 90Sr comprise approximately 99% of the radioactivity within the 

Hanford Reservation storage tanks (6), and up to 70% of the total radioactive air emissions from INEEL 

and the Hanford Reservation (7,8).  Abotsi et al. (9) evaluated the composition of wastes from 

underground storage tanks at ORR (Melton Valley Storage Tanks) and found the predominant 

radioactivity to be from 137Cs and 90Sr.  Since removing high-activity radionuclides such as 137Cs enables 

much of the liquid tank waste to be treated as LLW (10,11), significant research efforts have focused on 

developing technologies to separate and sequester these radionuclides into stable and durable materials. 

 

1.2 Treatment Methods 

In addition to processes that produce stable materials, treatment methods that result in waste 

volume reduction are preferred.  Unfortunately, stabilization of radioactive wastes through grouting, or 

mixing waste with cements, greatly increases the waste volume resulting in total treatment and disposal 

costs that are high compared with other technologies (12,13).  Incineration, while only applicable to 

certain LLWs, results in large volume reductions and destruction of hazardous organic constituents (7,13).  

However, incineration is becoming less attractive due, in part, to the difficulty in controlling emissions of 

regulated hazardous metals and radionuclides that vaporize at incinerator temperatures.  Once vaporized, 

these species often nucleate or condense to form ultrafine particles (<0.1 µm) that are difficult to collect 

at high efficiencies for even advanced particle control systems.  Burger (14) calculated the partitioning of 

50 radionuclides in a typical oxidizing incinerator and reports that incinerator temperature and chlorine 

content in the waste feed dramatically affects the partitioning of various metals, especially cesium, with 

96% of the cesium reporting to the fly ash during one condition at 1500 K.  Buckley et al. (15) conducted 

cesium- and strontium-doped experiments at a 50 MW commercial biomass power plant and experiments 

in a 100 kW pilot-scale down-fired reactor using Belarus forest litter and biomass duff contaminated with 

radionuclides from the Chernobyl nuclear reactor accident of 1987.  Results from the full-scale 

experiments indicated that both cesium and strontium were effectively partitioned to the boiler ash or 

removed by the system’s electrostatic precipitator (>99.9% overall control), with cesium partitioning to 

the precipitator to a higher extent compared to strontium.  However, cascade impactor measurements 

from their pilot-scale experiments indicated an increase in radioactivity corresponding to submicron 

particles between 0.3 and 0.5 µm, with radioactive emissions increasing by a factor of almost 10 as the 

combustor temperature was increased from 1073 to 1473 K.  Yang et al. (16) report on measurements 

from a demonstration-scale mixed waste incinerator equipped with a cyclone and baghouse, indicating 
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137Cs removal efficiencies of 96%.  However, this was notably lower than the >99.5% measured for both 
60Co and 54Mn.  DOE reports (1) that trial burns at all three of its incinerators located in Idaho, South 

Carolina, and Tennessee failed to meet at least one emission or monitoring requirement of EPA’s 

proposed MACT rule for Hazardous Waste Combustors.  This report indicated that specific problem areas 

included emissions of polychlorinated dibezodioxins and furans, metals, and chlorine.  In 2002, DOE 

decommissioned the INEEL Waste Experimental Reduction Facility (WERF) incinerator rather than 

upgrade the facility to meet more stringent air emissions standards (17,18,19). 

Other approaches including catalytic oxidation, acid digestion (20), ion exchange (21,22), 

precipitation, and solvent extraction (23,24) are being developed and tested as methods to separate and 

concentrate radionuclides and reduce the waste volumes.  These processes, however, result in a secondary 

radionuclide-laden waste that needs subsequent treatment and disposal.  Vitrification of concentrated 

radioactive wastes (25,26) is a proven technology for immobilizing radionuclides to form stable and 

durable glass for storage.  Vitrification has applications to HLWs, TRU wastes, and LLWs, although it is 

generally not considered for uranium mill tailings because of their large volumes.  Plasma and graphite 

electrode furnaces have been used to provide high temperatures necessary for organics destruction and 

vitrification in one step (27,28).  Unfortunately, the high temperatures necessary to achieve glass 

formation in vitrification processes can also vaporize radionuclides, particularly cesium.  Sill (29) 

demonstrated cesium vaporization from a calcined mixture at a rate that would lead to complete 

volatilization within one hour at 1300 K.  Cesium volatility was reported to be linear with temperature.  

He found that after a viscous melt was formed, cesium volatility decreased markedly.  Bibler et al. (30) 

compared measured and predicted concentrations of technetium-99 (99Tc) and 137Cs in glass produced 

from a Savannah River tank waste and found that 31% of the 99Tc and 4% of the 137Cs was vaporized 

during vitrification.  Taylor (31) performed a detailed analysis of ruthenium and cesium volatility during 

several vitrification processes, with the greatest release occurring during calcination.  He reports that 
137Cs volatilities commonly range around 1%, although values as high as 13% have been measured.  This 

study went on to report that the resulting cesium aerosol was difficult to control because of its fine 

particle size. 

 

1.3 Sorbent Technology 

One means of improving particle control is to promote the sorption of vapor-phase radionuclides 

onto supermicron sorbents that can be efficiently collected.  Kaolinite, a natural mineral composed of 

silica and alumina (Al2O3·2SiO2·2H2O), has been shown to be an effective sorbent for the high 

temperature capture of vapor-phase lead, cadmium, and sodium (32,33,34,35,36,37,38,39).   Kaolinite 
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also has the advantages that it is compatible with subsequent vitrification and cement processes.  Yang et 

al. (40) performed sorption experiments by passing Cs-laden flue gas through a packed bed of kaolin 

particles and found the chemical reaction at the kaolin surface controlled the overall reaction rates.  

Crosley and Kedl (41) performed a proof of concept for a dry fluidized bed scrubber and reported that 

silica was an effective sorbent for cesium.  Other studies have also confirmed the sorptive properties of 

kaolinite for cesium and strontium (42,43).  

Kinetic mechanisms of metal vapor sorption by dispersed kaolinite are complicated and consist of 

multiple steps.  Global kinetics for the sorption of sodium, lead, cadmium, and mixtures of these metals, 

on kaolinite, have been proposed by Davis and Wendt (37), Yang et al., (44), and Gale and Wendt 

(45,46).  For lead and sodium sorption, the proposed mechanism consists of an adsorption reaction with 

low or zero activation energy, followed by a sorbent deactivation step with high activation energy.  The 

deactivation reactions were similar for both lead and sodium, and led to an overall decrease in metal 

sorption with increasing temperature from 1360 to 1520 K.  Although eutectic melting of the sorbent 

particles can initially enhance metal sorption (47), it ultimately is believed to be the cause of sorbent 

deactivation through pore closure.  In the current work, we build on these results and, using new data, 

explore the extent to which similar mechanisms are effective for the potential sorption of cesium and 

strontium on kaolinite.  Cesium is highly volatile, and exists in the vapor-phase throughout most of the 

furnace used in this study.  This allows its sorption data to be readily correlated and quantified using 

global kinetic expressions, which have practical relevance to a wide range of potential high temperature 

processes, including incineration, vitrification, and pyrolysis.  The partial vaporization of strontium, on 

the other hand, and the ensuing non-uniformities in both vapor and particle concentrations of that metal, 

introduce ambiguities that may make quantitative analysis of those data difficult. 

 

2.0 EXPERIMENTAL 

Experiments were performed using the Rainbow Furnace, a laboratory-scale vertical combustor 

shown in Figure 1.  The Rainbow Furnace is located in the Treatability Laboratory at the U.S. EPA’s 

facility in Research Triangle Park, NC.  The Rainbow Furnace is an 83 kW-rated vertically-fired 

refractory lined combustor equipped with an International Flame Research Foundation (IFRF) type 

variable air swirl burner. The furnace is designed to simulate the time and temperature characteristics of a 

variety of incineration devices. 

Natural gas fuel, surrogate aqueous waste, and combustion air were introduced into the 

combustor through a moveable-block variable air swirl burner.  This burner incorporates an 
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interchangeable fuel injector positioned along its center axis.  Swirling air passes through the annulus 

around the fuel injector promoting flame stability and attachment to the refractory quarl.  Axial access 

ports permit sorbent injection and sample collection as indicated in Figure 1, which also includes a 

characteristic time-temperature profile for a nominal load of 66 kW and 20% excess air.   

Aqueous cesium acetate [CsC2H3O2] or strontium acetate [Sr(C2H3O2)2] was introduced through a 

special fuel-waste injector which incorporated a small air atomizing system down the center of a standard 

natural gas injector.  The metal solution is fed from a pressurized vessel using nitrogen as the nebulizing 

gas. A volumetric flow meter measures the feed rate (in ml/min).  The resulting droplet particle size 

distribution (PSD) was relatively narrow with a mean droplet size (determined by light scattering using a 

Fraunhofer Diffraction Particle Sizer) of approximately 50µm diameter (48). 

Powdered kaolinite sorbent (Burgess Pigment Co., Sandersville, GA, No. 40, nominally 1.4µm 

diameter) was introduced into the combustor using a K-Tron twin-screw loss-in-weight feeder and air 

eductor (model KCL24T20) at a post flame location 1.4m from the burner quarl.  Thus, the metal and 

sorbent were not mixed prior to their introduction into the combustor, and all interactions between these 

components were dependent upon normal mixing patterns.  The cesium acetate or strontium acetate 

solutions were fed at a rate to maintain 50ppm (by volume) metal in the combustion gases.  Sorbent feed 

rates are reported based on a sorbent to metal molar ratio, Ф, defined as g-moles of activated (calcined) 

kaolinite (Al2O3-2SiO2, metakaolinite) per g-moles of atomic metal.  For this study, Ф varied from 0 to 

12.  Sorbent feed and particle sampling locations were held constant.  However, the sorbent injection 

temperature was varied over a range from 1350 to 1750K by changes to the natural gas firing rate and 

burner air.  The particle sampling location (4.1 m from the burner) provided approximately 1.3 s of in-

furnace contact time between the cesium, strontium, and kaolinite, with actual residence times varying 

from 0.9 to 1.7 s.  Chlorine gas was injected to examine its effect on metal vaporization and 

nucleation/condensation and the resulting efficacy of metal scavenging by sorbents. 

Continuous emission monitors (CEMs) record O2, CO, CO2 and NOx levels in the Rainbow stack. 

Air and gas mass flow meters relay combustion air and natural gas flow rates. Temperature, air and gas 

flow rates, metal feed rate, and CEM measurements are recorded by a National Instruments Fieldpoint 

automated data acquisition system (DAS).  

The sorption of cesium or strontium by dispersed sorbent was quantified using the aerosol 

fractionation method described previously (38,45,49).  Extractive samples were taken using an isokinetic 

aerosol sampling system described elsewhere (48).  The primary measurement for quantification purposes 

utilized an MSP Inc. ten-stage, 30 L/min Micro-Orifice Uniform Deposit Impactor (MOUDI) with a 

working range between 0.05 and 18 µm diameter.  A TSI Inc. Scanning Mobility Particle Sizer (SMPS) 
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was used to measure cesium PSDs without kaolinite, and agreed well with MOUDI PSDs.  However, due 

to concerns of damage to the SMPS from cesium hydroxide, which is highly corrosive, the SMPS was not 

used in further tests with kaolinite injection.  MOUDI samples were examined by x-ray fluorescence 

(XRF) spectroscopy to examine changes in cesium or strontium PSDs as a result of sorbent injection.  

Raw XRF data is given as counts for a specific element, where the proportionality constant relating 

counts to concentration varies from element to element on a given stage, but not from stage to stage for a 

given element.  Therefore, the element mass fractions presented are equivalent to the element XRF count 

fractions and are determined by individual element counts for cesium, strontium, and kaolinite (Si and Al) 

on a given stage divided by XRF counts for the same element summed over all stages (or afterfilter).  

Absolute concentrations of µg element per µg of particle are not available. 

 

3.0 EQUILIBRIUM PREDICTIONS 

The simultaneous presence of both metal vapor and sorbent is required in order for sorption to 

occur.  Therefore, it is informative to explore the vaporization and condensation behavior of cesium and 

strontium species as predicted by chemical equilibrium.  Thermochemical predictions were determined 

using the Chemical Equilibrium Analysis (CEA) code (50) and thermochemical data taken from the 

literature (51,52,53,54,55).  Calculations are based on aqueous cesium or strontium acetate and natural 

gas combustion at a stoichiometric ratio (SR) of 1.2.  Figure 2a presents the predicted cesium speciation 

as a function of temperature, and more importantly, shows that vapor-phase cesium (predominantly 

CsOH, dashed curves) is predicted to form condensed species (solid curves) at approximately 1000 K.  

This is well below the temperatures at which the kaolinite sorbent was introduced (1350-1750 K), 

indicating that vapor-phase cesium could interact with dispersed kaolinite sorbent over all the sorbent 

injection temperatures examined.  Addition of chlorine (Figure 2b) replaces the vapor-phase hydroxide 

with the chloride, especially at temperatures less than 1800 K.  This would have repercussions for cesium 

sorption if, similar to the reactive sorption mechanisms for sodium and lead on kaolinite (34,37), the 

hydroxide and oxide are the reactive species rather than the chloride.  

Without chlorine, strontium has a predicted dewpoint of 1800 K (Figure 2c), and is only partially 

vapor [as Sr(OH)2] over the range of sorbent injection temperatures examined.  The most important 

predicted effect of chlorine, however, is to increase the fraction of vapor-phase strontium at temperatures 

less than 1800 K, and this is pertinent for the experimental configurations examined here.  Whereas, the 

effect of chlorine on strontium speciation at higher temperatures is modest (Figures 2c and 2d), its effect 

on cesium speciation is significant, with equilibrium predicting replacement of vapor phase CsOH by 
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CsCl (Figure 2a and 2b).  Hence, in contrast to its effects on cesium sorption, the presence of chlorine 

may enhance strontium sorption because it maintains more of that metal in the vapor phase.  

 

4.0 CESIUM RESULTS   

4.1  Measured Particle Size Distributions 

Representative PSDs for cesium experiments are presented on Figure 3.  Figure 3a (without 

sorbent) shows that all the cesium is readily vaporized in the flame and condenses in the rapidly quenched 

sample probe to form ultrafine particles (35).  Sampling always occurred at temperatures above the 

calculated cesium dewpoint of 1000 K.  Figure 3b shows a representative cesium PSD with kaolinite 

injected at 1413 K and a kaolinite to cesium molar ratio (Ф) of 8.  The aerosol fractionation method (45), 

allows quantification of the fraction of cesium scavenged by kaolinite by analysis and comparison of the 

PSD less than and greater than 0.5 µm diameter.  This is identical to the fraction of total cesium collected 

on the bottom four stages and after-filter of the MOUDI.  Also shown on Figure 3b are Si and Al 

elemental PSDs to show the kaolinite particle size range.  It is, therefore, reasonable to conclude that the 

aerosol fractionation method represents the cesium associated with kaolinite.  

 

4.2 Measured Effects of Sorbent Injection Temperature and Sorbent/Cesium Molar Ratio 

The effects of varying the sorbent injection temperature (Tinj) and kaolinite/cesium molar ratio 

(Ф=g-moles Al2O3·2SiO2/g-moles Cs) are shown in Figures 4 and 5, respectively.  Data for Tinj ranging 

from approximately 1350 to 1750 K and Ф ranging from 2 to 12 are presented.  Figure 4 (with constant 

Ф=8) indicates a maximum cesium sorption at Tinj between 1400 and 1500 K.  This suggests that two 

competing mechanisms of cesium adsorption and substrate deactivation occur.  Scanning electron 

microscope (SEM) micrographs, also shown on Figure 4, support this hypothesis.  At Tinj=1345 K, the 

sampled sorbent particles with cesium showed little melting (i.e. deactivation).  At Tinj in the range for 

maximum sorption (Tinj=1478 K), there appeared to be initiation of melting and pore closure.  Finally, at 

Tinj=1740 K essentially all of the sorbent particles appear melted, with extensive pore closure.  As also 

reported by Davis and Wendt (37), kaolinite melting did not occur even at the highest sorbent injection 

temperatures in the absence of metal (SEM micrograph not shown).  The positive correlation of cesium 

sorption with Tinj at temperatures below approximately 1450 K suggests that the (overall) sorption 

reaction has non-zero activation energy.  This is in contrast to previous results for lead and sodium 

(37,45,46).  Figure 4 indicates a maximum sorption of 80% was achieved for the test series examined 

here.  This maximum sorption is somewhat less than that measured in the screening experiments of Amos 
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(56), who found values close to 100%.  It is possible that mixing limitations in the larger combustor used 

here may account for this difference.  Figure 5 (with Tinj controlled between 1413 and 1511 K) indicates 

that cesium sorption can be improved by increasing the sorbent feed rate.  At a kaolinite to cesium molar 

ratio of 12, an average sorption of 82% was achieved.  Simple leaching experiments (Ф=8) using distilled 

water indicate that 14% of the captured cesium was soluble.  This is similar to the results of Gale and 

Wendt (46) who indicate ~16% water soluble sodium captured on the kaolinite particles (Ф=3).   

 

4.3 Measured Effects of Chlorine and Sulfur Addition 

Additional experiments were conducted to examine the effects of two common waste 

components, chlorine and sulfur, on the ability of kaolinite to adsorb cesium.  Table 1 compares baseline 

sorption results with results that include the independent addition of 250 ppm Cl2 and 500 ppm SO2.  The 

data presented are for a constant kaolinite to cesium molar ratio (Ф=8) and sorbent injection temperatures 

(Tinj~1425 K) held constant to the extent possible.  Cl2 and SO2 were added during separate experiments 

with the combustion air (see Figure 1).  Addition of 250 ppm Cl2 decreases the cesium sorption from the 

baseline value of approximately 70% to 40%.  As discussed above, this is consistent with data on the 

effect of chlorine on lead and sodium sorption by kaolinite (34,36) and with the equilibrium predictions, 

albeit with possible kinetic limitations.  Addition of 500 ppm SO2 also reduces cesium sorption from 

approximately 70 to 30%.  This is most likely due to the effect of SO2 on vapor-phase speciation, rather 

than on the cesium dewpoint.  Equilibrium calculations (not shown) predict the formation of stable 

Cs2SO4 and an increase in the dewpoint from 1000 to 1300 K that was, however, still lower than all the 

sorbent injection temperatures examined. 

 

4.4 Kinetic Model for Cesium Sorption on Dispersed Kaolinite  

It is possible to create a global kinetic model of the sorption of cesium on kaolinite.  Modeling the 

effect of chlorine or sulfur was not attempted in this work, because the limited number of experiments 

with chlorine and sulfur were performed at a single sorbent injection temperature and unknown rates and 

ambiguities in the required gas-phase cesium-chlorine and cesium-sulfur chemistry, as discussed above.  

In addition, any effects due to non-uniformities of mixing between sorbent and cesium vapor are not 

considered.  However, with this caveat in mind, and following the approach of Davis and Wendt (37) and 

Gale and Wendt (45,46,57), one can adapt their two-step model consisting of an adsorption reaction 

involving a reactive cesium species (CsOH) and activated kaolinite (assumed to be metakaolinite, 

Al2O3·2SiO2) to produce a cesium aluminosilicate reaction product: 
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OHSiOOAlOCssiteActiveCsOH 22322 22 +⋅⋅→+      (1), 

 

and a subsequent substrate deactivation reaction in which the cesium aluminosilicate reaction product acts 

to remove available active sites: 

 

siteInactiveSiOOAlOCssiteActiveSiOOAlOCs +⋅⋅→+⋅⋅ 23222322 22     (2). 

 

Davis and Wendt (37) and Gale and Wendt (57) describe how in addition to the metal speciation, 

the phase transformations of kaolinite (Al2O3·2SiO2·2H2O) in the combustor are important.  These 

transformations influence the substrate reactivity, and may be strongly temperature dependent (57).  

Reaction (1) includes those temperature sensitive substrate transformation processes that enhance metal 

vapor sorption, before deactivation through “catastrophic” melting occurs, and so it should not necessarily 

be compared to a fundamental (physical) adsorption step.  These metal sorption enhancing 

transformations include the dehydroxylation of the kaolinite crystal at temperatures greater that ~700 K, 

and other mechanisms, including partial melt formation, that increase access of metal vapor to active 

adsorption sites.  Gale and Wendt (57) studied the sorption kinetics for mixed systems containing 

cadmium, sodium, and lead.  They found that in the case of cadmium alone sorption can be characterized 

by a single global process with high (effective) activation energy, and without significant deactivation 

(57).  However, with the addition of sodium and lead, adsorption leads to “catastrophic” melting within 

the substrate, and to a closing of all the meso-pores, and complete substrate deactivation.  These 

deactivation processes are all represented by the global Reaction (2).  Following Gale and Wendt (46), the 

stoichiometry for Reactions (1) and (2) was taken as 1/2(Al2O3·2SiO2) to represent the active site.  The 

equations to be integrated and boundary conditions are: 

 

0
11211

1 )0( cccck
dt
dc

=−=              (3) 

 

and 
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where c1 and c2 represent concentrations of cesium and metakaolinite, respectively, and c1
0 (used for 

boundary conditions) represents the known inlet cesium concentration (25 ppm Cs2O or 50 ppm Cs).  It is 

assumed that formation of metakaolinite is not limiting, and that the formation of mullite (3Al2O3·2SiO2) 

does not inhibit the process.  As measured, a linear temperature profile was used between the sorbent 

injection location (Tinj) and the particle sampling location.  The sorbent residence time was taken to be 

approximately constant at 1.2 s, although model predictions indicate that cesium sorption is insensitive to 

residence time.  Pre-exponential factors and activation energies for cesium adsorption, k1, and kaolinite 

deactivation, k2, are A1, E1, and A2, E2, respectively.  Davis and Wendt (37) and Gale and Wendt (46) 

report similar kinetics for kaolinite deactivation for lead and sodium systems, respectively.  Therefore, we 

chose to use the same kaolinite deactivation kinetics as these two studies and calculate unique cesium 

adsorption parameters.  The model was fit to the data for cesium sorption at Ф=8 (for all values of Tinj), 

but did not include the data that included chlorine and sulfur addition.  Parameters were fit using a 

Marquardt algorithm, with re-parameterization to diminish parameter cross-correlation that often occurs 

in problems such as this.   

 Results are shown on Table 2 and are compared to literature results for the lead-kaolinite system 

(37).  With sorbent deactivation parameters equivalent to those used by Davis and Wendt (37) and Gale 

and Wendt (46), best fit cesium sorption parameters [k1=5.2e+2 m3/(mol·s), and E1=8.7e+1 J/mol] 

produce the response curve presented in Figure 4 with an r2=0.95.  Although undue fundamental 

significance of these global rate constants would be misplaced, it might be argued that kaolinite 

deactivation is a common result of adsorption of various metals on kaolinite.  The model described by 

Equations 1-4 with the parameters on Table 2 (two parameter fit), can be used to describe cesium sorption 

by kaolinite, and it faithfully predicts the temperature at which sorption is maximized.  However, the 

adsorption kinetic parameters for the cesium-kaolinite system are not identical to those for the lead-

kaolinite system as reported by Davis and Wendt (37) (see literature values, Table 2).  These literature 

kinetic parameters, with zero activation energy for the adsorption step, do not, and cannot, show the 

maximum experimentally observed in this work, and result in lead sorption typically greater than 90%. 

 

5.0 STRONTIUM RESULTS 

5.1 Measured Particle Size Distributions 
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Figures 6a and 6b show strontium elemental PSDs without sorbent (50 ppm Sr) and with kaolinite 

sorbent added at Ф=8 (Ф=g-moles Al2O3·2SiO2/g-moles Sr).  Figure 6a indicates partial vaporization of 

strontium as evident from the bimodal PSD measured.  These data are consistent with equilibrium 

predictions of partial vaporization of strontium, where the submicron mode (0.3 µm mean diameter) is the 

result of an “aged” coagulated nuclei formed in-furnace, and the supermicron mode (1.5 µm mean 

diameter) is the result of residual non-vaporized strontium remaining after vaporization of the water 

solvent from the injected spray droplets.  Note that the dashed curve indicate a calculated residual 

strontium PSD assuming no strontium vaporization, and the formation of spherical residual particles 

composed of Sr(OH)2 after evaporation of the water solvent.  This PSD was determined from the 

measured parent droplet PSD (data not shown) produced by the spray injector.  As mentioned above, the 

mean diameter of the original spray was approximately 50 µm.  The calculated residual PSD agrees 

reasonably well with the supermicron mode of the strontium the data.  Figure 6b suggests that dispersed 

kaolinite can scavenge a portion of the vaporized strontium, although the supermicron mode in this case 

contains both residual (non-vaporized) and vapor-phase strontium adsorbed on kaolinite.  

 

5.2 Measured Effect of Chlorine Addition 

Figures 6c and 6d show how chlorine affects strontium vaporization and sorption, respectively.  

Figure 6c presents a representative strontium elemental PSD with 250 ppm Cl2 added.  Figure 6d shows 

the additional effects of adding kaolinite at Ф=8.  Clearly, the addition of chlorine promotes almost 

complete vaporization of the strontium, producing a measured PSD characteristic of nuclei forming near 

or within the sampling probe.  These findings are consistent with equilibrium calculations (Figure 2) that 

predict >95% of the strontium to be vapor at the nominal sorbent injection temperatures, and ~65% to be 

vapor at the nominal sampling temperatures.  Comparison of Figures 6d and 6b indicate that chlorine 

appears to increase the fraction of scavenged strontium, and this is in contrast to the effect of chlorine on 

cesium sorption (see Table 1).  As described above, the effect in the case of strontium, may be a 

consequence of increased volatility as a consequence of chlorine addition and the existence of significant 

concentrations of the likely reactant, Sr(OH)2, in equilibrium with SrCl2.  This also suggests that the 

conversion of Sr(OH)2 to SrCl2 may be relatively slow in the gas phase. 

  

5.3 Measured Effect of Sorbent Injection Temperature 

Figure 7 presents the fraction of strontium partitioning to the supermicron particle mode with the 

injection of kaolinite powder into the post flame (Ф=8) as a function of sorbent injection temperature 
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(Tinj).  Unlike the case for cesium, the ordinate here represents both residual (non-vaporized) strontium 

and strontium sorption in the absence of chlorine (open circles), and strontium sorption only, in the 

presence of chlorine (closed circles).  Note that the addition of chlorine promotes almost complete 

vaporization of strontium (see Figure 6c).  In the absence of chlorine, the amount of scavenged strontium 

decreases with sorbent injection temperature, since the residual amount may be considered to be constant.  

This may suggest a sorption reaction with low activation energy and a deactivation reaction with higher 

activation energy (37).  SEM micrographs showing melting at Tinj=1700 K also support this hypothesis.   

When chlorine was added the sum of scavenged and residual strontium (closed circles) was 

greater than the sum of scavenged and residual strontium without chlorine.  This is consistent with the 

discussion above.  Furthermore, based on SEM micrographs, some sorbent deactivation appeared to occur 

at Tinj=1600 K which is earlier than in the case without chlorine.  At Tinj=1700 K sorbent deactivation was 

such that the fraction of strontium appearing on the larger particles was similar to that when no chlorine 

was present. 

 

6.0 PROJECT PRODUCTIVITY 

This project was extremely ambitious and as a whole fell somewhat short of its stated goals.  The 

portion of the project that this grant covers, namely cesium and strontium sorption tests in a turbulent 

flow thermal reactor did not generate a kinetic model for strontium sorption on dispersed kaolinite.  This 

is due to the fact that, unlike cesium, strontium was not completely vaporized under the conditions 

examined and this non-homogeneous behavior led to quantitative difficulties separating mechanisms of 

sorption from residual large particle formation.  Further, while the effects of chlorine and sulfur addition, 

two common components in radioactive waste, were explored, further research is needed to be able to 

delineate their effects on the sorption kinetics.  Additional experimental data for varied sorbent injection 

temperature, residence times and sorbent to metal molar concentration would facilitate validation of the 

kinetic model and provide insight into optimization of sorbent injection for practical situations.  

Additional time and incurred cost would be necessary to attain these goals. 

This project was successful in demonstrating sorbent scavenging of cesium and strontium as a 

viable option for preventing these metals from partitioning into hard-to-collect ultrafine emissions during 

high temperature treatment processes.  Further, the profound influence of chlorine content in the waste 

feed was revealed.  A kinetic model for cesium sorption was developed based on experimental data. 
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Table 1.  Effect of added vapor-phase chlorine and sulfur on cesium sorption by kaolinite (Ф=8). 

 

 Average Cs 
Sorption, % 

Std. Dev. 
(# replicates) 

Tinj , K 

Cs-kaolinite 
 

72.1 11.0 
(2) 

1413 

Cs-kaolinite with 250 
ppm Cl2 

43.9 6.6 
(5) 

1426 

Cs-kaolinite with 500 
ppm SO2 

27.7 5.1 
(4) 

1433 

 

 

Table 2.  Model parameters. 

 

  Two-Parameter 
Fit 

Literature 
Valuesa 

k1   m3/(mol s) 5.2e+2 7.7e+3 Adsorption 
E1   J/mol 8.7e+1 0.0 
k2   m3/(mol s) 6.1e+7 6.1e+7 Deactivation 
E2   J/mol 1.1e+5 1.1e+5 

aPublished values for lead-kaolinite system (37). 
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Figure 1. EPA downfired combustor and characteristic time-temperature profile for a natural gas load of 

66 kW and 20% excess air. 
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Figure 2. Equilibrium predictions for cesium and strontium speciation: a) 50 ppm Cs without Cl2; b) 50 

ppm Cs with 250 ppm Cl2; c) 50 ppm Sr without Cl2; and d) 50 ppm Sr with 250 ppm Cl2.  Dashed lines 

indicate vapor-phase species.  Solid lines indicate condensed species.  Bold lines indicate the sum of all 

condensed species. 
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Figure 3. Representative measured elemental PSDs for cesium and kaolinite sorbent (Al, and Si): (a) 

without sorbent; and (b) with sorbent injected at 1413 K and Ф=8. 
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Figure 4. Cesium sorption as a function of sorbent injection temperature at Ф=8.  SEM micrographs 

illustrate kaolinite morphology for three sorbent injection temperatures.  The solid curve presents model 

predictions determined from this study using the two-parameter fit kinetic rate constants (see Table 2).  
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Figure 5. Cesium sorption as a function of kaolinite-cesium molar ratio.  Data represent sorbent injection 

temperatures (Tinj) over the range of 1413 to1511 K. 
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Figure 6. Representative measured elemental PSDs for strontium and kaolinite sorbent (Al and Si): (a) 

without sorbent; (b) with sorbent injected at 1564 K and Ф=8; (c) with Cl2, without sorbent; and (d) with 

Cl2 and sorbent injected at 1583 K and Ф=8.  The dashed curve in panel (a) represent the calculated 

residual strontium PSD determined from the measured droplet PSD. 
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Figure 7. Fraction of strontium reporting to the supermicron particle mode as a function sorbent injection 

temperature [open circles, ○] (Ф=8) and with Cl2 addition [shaded circles, ●]. 
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