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Summary

The River Protection Project-Waste Treatment Plant (RPP-WTP) baseline process for 137Cs removal 
from Hanford high-level tank waste is ion exchange.  The current flowsheet includes the use of Cs-
selective, organic ion exchanger SuperLig  644 (SL-644) material for Cs removal from the aqueous waste 
fraction.  This material has been developed and supplied by IBC Advanced Technologies, Inc., American 
Fork, UT.  The RPP-WTP Development Requirements Document (DRD)(a) Task 8.2.6 and the RPP-WTP 
Research and Technology schedule identify Cs and Tc ion exchange process verification tests [WTP 
Request for Proposal reference Standard 2 Item (a)(3)(ii)].   

Battelle, Pacific Northwest Division (PNWD) was contracted to perform Cs ion exchange studies 
under Contract 24590-101-TSA-W000-0004 and work breakdown structure BN.02.08.05.  The Cs ion 
exchange activities are further defined in Technical Scoping Statement B-46, which is included in 
Appendix C of the Research and Technology Plan.(b)  These studies are to verify design and operating 
parameters for plant-scale ion exchange systems.  Test results will also be used to validate ion exchange 
models. 

Objectives

The Cs ion exchange test objectives were to develop load and elution breakthrough profiles using a 
combination of Hanford tank waste 241-AN-102 supernatant (Envelope C) mixed with wash and 
permeate solutions from Hanford tank waste 241-C-104 solids (AN-102/C-104); produce and characterize 
the Cs eluate; remove 137Cs from the AN-102/C-104 to meet low-activity waste (LAW) vitrification 
criteria; and develop batch-distribution coefficients for AN-102/C-104.  The final effluent was to contain 
<1.75E-5 Ci 137Cs per mole Na, equivalent to < 0.087 Ci 137Cs/mL, based on a 20 wt% waste Na2O
loading in the waste glass.  Direction from Bechtel National, Inc. (BNI) for calculating Na2O loading was 
later reduced to 10 wt%.  All testing objectives were met. 

Conduct of Test 

This report summarizes testing of the SL-644 in batch-contact studies and in a dual small-column 
system.  The test matrix was AN-102/C-104 evaporated to nominally 4.8 M Na and 161 Ci/mL 137Cs.
Batch contacts were performed with the waste at three Cs concentrations at a phase ratio of 100 (liquid 
volume to exchanger mass) with SL-644.  Crystalline silicotitanate (IE-911, an alternative Cs ion 
exchanger) was also tested similarly to the SL-644; however, the contact solution was AN-102 tank waste 
supernatant diluted to nominally 6 M Na+.  Ion exchange processing was conducted with two small 
columns in series with resin bed volumes (BVs) of 10.4 mL (L/D(c) = 4.2) during the conditioning phase 
with 0.25 M NaOH, and 9.9 mL (L/D = 4.0) during the AN-102/C-104 loading phase.  Proper functioning 

                                                     
(a) PL-W375-TE00002, Rev. 1, River Protection Project Waste Treatment Plant Development Requirements 
Document, October 31, 2000, M. E., Johnson and T. W. Crawford, CH2MHill Hanford Group, Inc., Richland, WA. 
DRAFT. 
(b) Barnes, S., R. Roosa, and R. Peterson.  2002.  ‘Research and Technology Plan.’,  24590-WTP-PL-RT-01-002, 
Rev. 1,  RPP-WTP project. 
(c) L/D, equal to length over diameter, is the resin bed aspect ratio. 
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of the ion exchange apparatus and resin beds had initially been tested with an AW-101 (Envelope A) 
simulant.  The resin beds had then been used to process 1.2 L of AP-101 diluted feed, an Envelope A 
waste feed.  The AN-102/C-104 waste sample processed was approximately 753 mL, corresponding to 
72 BVs.  All ion exchange process steps were tested, including resin-bed preparation, loading, feed 
displacement, water rinse, elution, eluant rinse, and resin regeneration.   

Results and Performance Against Objectives 

The batch-contact performance data are summarized in Table S.1.  The Kd values for SL-644 and IE-
911 are shown for the feed condition at the Na/Cs mole ratio of 8E+4.  The calculated Cs  value 
(column-distribution ratio) is the predicted BVs required to reach 50% Cs breakthrough.  It is a function 
of the equilibrium Kd value and bed density.   

Table S.1. Summary of Performance Measures

Extrapolated 50% Cs 
breakthrough, BV 

Kd, mL/g 
(feed condition) 

Cs , BV
(feed condition)Flow

rate
(BV/h)

Lead
column

Lag
column

Composite
DF(2)

Maximum
DF(3)

SL-644 IE-911 SL-644 IE-911
2.7 NM(1) NM(1) 1.13 E+4 7.7 E+5 950 1100 250 1100 

(1) NM = not measured; AN-102/C-104 feed volume was insufficient to establish a breakthrough curve.
(2) The decontamination factor (DF) is calculated by dividing the feed Cs concentration by the composite 

effluent Cs concentration, based on the total of 67 BVs of feed.  This does not necessarily reflect the 
DF that could be obtained with an estimated loading of 250 BVs to reach 50% C/Co.

(3)  The maximum DF is obtained by dividing the feed Cs concentration by the lowest lead column 
sample Cs concentration. 

The column performance data are also summarized in Table S.1.  The 50% Cs breakthrough value 
from column testing could not be determined; no measurable Cs broke through the lead column.  The 
decontamination factor (DF) for 137Cs was based on 137Cs concentration in the feed divided by the 137Cs
concentration in the composite effluent sample.  The composite effluent 137Cs concentration was 1.4E-02 

Ci/mL and was equivalent to a DF of 1.13 E+4.  The maximum DF, 7.7 E+5, measured the best 
performance that could be expected from this column system.  It was calculated relative to the sample 
containing the lowest 137Cs concentration, i.e., the eighth sample from the lead column.  The low-activity 
vitrified waste form must be no greater than 0.3 Ci/m3; this limit can be converted to 137Cs concentration 
in the ion exchange effluent (contract limit).  The composite effluent 137Cs concentration was an order of 
magnitude below the minimum waste loading contract limit (0.168 Ci 137Cs/mL).(d)

The lead column was eluted with 0.5 M HNO3 reaching a C/Co of 1% in 11 BVs with >99% of the 
137Cs contained in 3 BVs of eluate.  The peak 137Cs C/Co value was 53 (based on 1-BV collection 
increments of nominally 10-mL).  The 137Cs concentration in the composite eluate was 6.65E+2 Ci/mL, 
corresponding to a C/Co of 4.13. 

                                                     
(d) The conversion requires the following assumptions:  Envelope C LAW will contain a minimum of 10 wt% 
Na2O, all Na comes from the tank waste, the glass density is 2.66 g/mL, and the waste Na concentration is 4.8 M.  
For the maximum 14 wt% Na2O waste loading, the Cs ion exchange effluent must be less than 0.120 Ci/mL. 
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Quality Requirements 

This work was designated as QL-3 per the RPP-WTP Quality Assurance (QA) Program, BNFL-5193-
QAP-01, Rev. 6.  PNWD implemented the RPP-WTP quality requirements by performing work in 
accordance with the QA plan, CHG-QAPjP, Rev. 0.  The Cs eluate was analyzed at the time in 
accordance with PNWD’s Nuclear Quality Assurance Requirements and Description (NQARD) manual, 
which implemented the requirements of DOE/RW-0333P, Quality Assurance Requirements and 
Description (QARD), and to the approved Test Plan, TP-RPP-WTP-013.

PNWD addressed verification activities by conducting an Independent Technical Review of the final 
data report in accordance with Procedure QA-RPP-WTP-604.  This review verified that the reported 
results were traceable, that inferences and conclusions were soundly based, and that the reported work 
satisfied the Test Plan objectives. 

Issue

The lag column effluent 137Cs concentration was higher than the lead column 137Cs effluent 
concentration.  The lag column had previously been in the lead column position for processing AP-101 
diluted feed.  The 137Cs coming off the lag column was attributed to inadequacy of the baseline elution 
(i.e., elution to C/C0=1%) to sufficiently elute Cs from the resin during AP-101 processing. 
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Terms and Abbreviations 

AP-101DF Hanford tank waste AP-101 diluted feed to 5 M Na 

AN-102/C-104 Hanford tank waste AN-102 supernatant mixed with wash and permeate 
solutions from Hanford tank waste C-104 solids 

AV apparatus volume 

BNI Bechtel National, Incorporated 

BV bed volume 

C/Co analyte concentration in column effluent divided by analyte concentration 
in feed 

CMC chemical measurement center 

CST crystalline silicotitanate 

DF decontamination factor 

DI deionized 

DOE U.S. Department of Energy 

DRD Development Requirements Document 

EQL estimated quantitation level  

F-factor mass of dry ion exchanger divided by mass of wet exchanger 

FMI Fluid Metering, Inc., Syosset, NY 

GEA gamma energy analysis 

HLW high level waste  

IBC IBC Advanced Technologies, Inc., American Fork, Utah 

IC ion chromatography 

ICP AES inductively coupled plasma/atomic emission spectrometry 

ICP MS inductively coupled plasma/mass spectrometry 

IDL instrument detection limit 

KPA kinetic phosphorescence analysis 

 column distribution ratio 

LAW low activity waste 

L/D length over diameter ratio 

M molarity, moles/liter 

Meq milli-equivalent 

MRQ minimum reportable quantity 
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NA not analyzed 

NMRQ no minimum reportable quantity 

NPT National Pipe Thread 

NQARD Nuclear Quality Assurance Requirements and Description (manual) 

OH hydroxide 

PNWD Battelle, Pacific Northwest Division 

QA quality assurance 

QARD Quality Assurance Requirements and Description 

RPL Radiochemical Processing Laboratory 

RPP-WTP River Protection Project-Waste Treatment Plant 

SL-644 SuperLig  644

SRTC Savannah River Technology Center 

TC total carbon 

TIC total inorganic carbon 

TIMS thermal ionization mass spectrometry 

TOC total organic carbon 

TRU transuranic 

wt% weight percent 

WTP Waste Treatment Plant



ix

Contents

Summary ...................................................................................................................................................... iii

Terms and Abbreviations............................................................................................................................vii

1.0 Introduction........................................................................................................................................ 1.1

2.0 Experimental ...................................................................................................................................... 2.1

2.1 SL-644 Resin.............................................................................................................................. 2.1

2.2 Crystalline Silicotitanate ............................................................................................................ 2.2

2.3 AN102/C-104 and AN-102 Feeds.............................................................................................. 2.2

2.4 Batch Contacts............................................................................................................................ 2.4

2.5 Experimental Conditions for SL-644 Column Ion Exchange Test............................................. 2.6

2.6 Column Sampling..................................................................................................................... 2.10

2.7 Sample Analysis....................................................................................................................... 2.11

3.0 Results and Discussion....................................................................................................................... 3.1

3.1 Batch Contact Results ................................................................................................................ 3.1

3.2 Column Test with SL-644 .......................................................................................................... 3.3
3.2.1 Loading, Feed Displacement, and Rinse.......................................................................... 3.3
3.2.2 Elution and Eluant Rinse ................................................................................................. 3.7
3.2.3 Regeneration .................................................................................................................. 3.10
3.2.4 Activity Balance for 137Cs.............................................................................................. 3.10
3.2.5 SL-644 Resin Volume Changes..................................................................................... 3.11

4.0 Conclusions........................................................................................................................................ 4.1

5.0 References .......................................................................................................................................... 5.1

Appendix A:  General Calculations .......................................................................................................... A.1

Appendix B:  Batch Contact Calculations .................................................................................................B.1

Appendix C:  Column Testing Calculations ..............................................................................................C.1

Appendix D:  Analytical Data................................................................................................................... D.1

Appendix E:  Cesium Ion Exchange and Batch Contacts Testing Personnel ............................................E.1



x

Figures

Figure 2.1.  Cesium Ion Exchange Column System .................................................................................. 2.7

Figure 3.1. 137Cs Distribution Coefficients (Kd) for SL-644 (AN-102/C-104) and IE-911 (AN-102) 
(T = 27 oC).......................................................................................................................................... 3.1

Figure 3.2.  Estimated 137Cs  Values for SL-644 (AN-102/C-104) and IE-911 (AN-102) (T = 26oC).... 3.3

Figure 3.3. 137Cs Breakthrough Curves for AN-102/C-104 Sample ......................................................... 3.4

Figure 3.4. 137Cs Elution and Eluant Rinse of the Lead Column .............................................................. 3.7

Figure 3.5.  Comparison of Bed Volumes of the Lead and Lag Columns ............................................... 3.13

Tables

Table S.1.  Summary of Performance Measures.......................................................................................... iv

Table 2.1.  Dry Particle-Size Weight-Percent Distribution of Two Batches of As-Received SL-644 ...... 2.1

Table 2.2.  SL-644 Properties .................................................................................................................... 2.2

Table 2.3.  Compositions of AN-102/C-104 and AN-102 (Envelope C)................................................... 2.3

Table 2.4.  Initial Cs Concentrations in the AN-102/C-104 Solutions Used for the Batch Kd Tests......... 2.4

Table 2.5.  Experimental Conditions for AN-102/C-104 Ion Exchange.................................................... 2.9

Table 2.6.  Sampling Interval and Analyses ............................................................................................ 2.10

Table 3.1.  SL-644 Dry Bed Density ......................................................................................................... 3.2

Table 3.2.  Decontamination Factors for 137Cs from AN-102/C-104......................................................... 3.5

Table 3.3.  AN-102/C-104 Cs-Decontaminated Effluent........................................................................... 3.6

Table 3.4.  Inorganic and Organic Analytes in the Lead Column Eluate Composite ................................ 3.8

Table 3.5.  Radionuclides in the Lead Column Eluate Composite ............................................................ 3.9

Table 3.6.  Select Analyte Recoveries in Eluate ........................................................................................ 3.9

Table 3.7.  Composition of Regeneration Solution.................................................................................. 3.10

Table 3.8.  Activity Balance for 137Cs...................................................................................................... 3.10

Table 3.9.  SL-644 Bed Volumes............................................................................................................. 3.12 



1.1

1.0 Introduction 
The U. S. Department of Energy plans to vitrify tank wastes at the Hanford Site in preparation for 

permanent disposal.  Before vitrification, tank wastes will be divided into low-activity and high-activity 
fractions through specific pretreatment processes.  The Waste Treatment Plant (WTP) pretreatment 
flowsheet for the Hanford high-level tank wastes includes the use of SuperLig  644 (SL-644) material for 
137Cs removal from the aqueous waste fraction.  The SL-644 is a cesium-selective ion exchanger and has 
been shown to be effective in removing Cs from a variety of Hanford tank wastes (Hassan, McCabe, and 
King 2000; Hassan et al. 2000; Hassan et al. 2001; King, Hassan, and McCabe 2001; Kurath, Blanchard, 
and Bontha 2000a; Kurath, Blanchard, and Bontha 2000b; Fiskum, Blanchard, and Arm 2002; Fiskum et 
al. 2002).  The SL-644 has been developed and supplied by IBC Advanced Technologies, Inc., American 
Fork, UT. 

The Cs ion exchange testing was conducted to support the River Protection Project-Waste Treatment 
Plant (RPP-WTP) Development Requirements Document (DRD)(a) Task 8.2.6, and the RPP-WTP 
Research and Technology (Barnes et al., 2002) schedule identify the need for Cs and Tc ion exchange 
process verification tests [WTP Request for Proposal reference Standard 2 item (a)(3)(ii)].  The testing 
requirements were communicated to Battelle, Pacific Northwest Division (PNWD) according to Test 
Specification Tank 241-AN-102 and 241-AP-101 Ion Exchange, TSP-W375-00-00028, Rev. 1 (M. E. 
Johnson, CH2M Hill Hanford Group, Dec. 11, 2000).  Testing was conducted according to PNWD Test 
Plan Actual Waste Ion Exchange Testing for the RPP-WTP Project, CHG-TP-41500-013, Rev. 0 (D. L. 
Blanchard, Jan. 24, 2000) and AP-101 and AN-102/C-104 Actual Waste Ion Exchange Testing, TP-RPP-
WTP-013, Rev. 0 (D. L. Blanchard Jr., August 2001). 

This report summarizes batch-contact studies of SL-644 and crystalline silicotitanate(b) (IE-911 
provided by UOP LLC, Des Plaines IL), and dual small-column testing of the SL-644 ion exchange 
material.  The test matrix for the small-column ion exchange and SL-644 batch-contact tests was 
241-AN-102 Hanford tank waste supernatant, mixed with caustic leaching and wash solutions from the 
pretreatment of Tank 241-C-104 solids, and evaporated to nominally 5 M Na (hereafter referred to as 
AN-102/C-104).  The test matrix for the IE-911 batch contact was 241-AN-102 supernatant diluted to 
nominally 6 M Na (hereafter called AN-102).  Approximately 753 mL of AN-102/C-104 were processed 
through the ion exchange column system.  The ion exchange process steps tested include resin-bed 
preparation, loading, feed displacement, water rinse, elution, and resin regeneration.   

The objectives of this work were to 

determine distribution coefficients as a function of Na/Cs molar concentration for SL-644 in the 
AN-102/C-104 matrix and for IE-911 in the AN-102 matrix 

demonstrate the 137Cs decontamination of Envelope C tank waste sample AN-102/C-104 and provide 
a Cs-decontaminated sample for downstream process testing (i.e., 99Tc removal) 

                                                     
(a) PL-W375-TE00002, Rev. 1, River Protection Project Waste Treatment Plant Development Requirements 
Document, October 31, 2000, M. E., Johnson and T. W. Crawford, CH2MHill Hanford Group, Inc., Richland, WA. 
DRAFT. 
(b) IE-911 is an alternative Cs ion exchanger and is being tested in parallel to SL-644 only with batch contacts.  The 
IE-911 was developed and supplied by UOP LLC, Des Plaines, IL. 
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develop Cs loading and elution profiles 

produce and characterize a Cs-eluate solution for use in evaporation tests and high-level waste 
(HLW) vitrification 

demonstrate the effectiveness of all SL-644 ion exchange process steps, including loading, feed 
displacement, deionized (DI) water washing, elution, and resin regeneration. 
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2.0 Experimental
This section describes materials, experimental approach to batch-contact tests and column tests, 

sample analyses, and calculations.  Experimental data were recorded in specific test instructions (as 
identified) and analytical reports.  All raw data are maintained in the Project File 42365.   

2.1 SL-644 Resin 

The SL-644 was obtained from IBC production batch number 010319SMC-IV-73.  This batch 
exhibited a black-red appearance peppered with light-brown specks.  It was received from the vendor as a 
dry, granular, free-flowing material in a 1-L polyethylene bottle with an approximately 32% gaseous head 
space.  There was no indication that this head space was filled with nitrogen or other inert gas, and no 
attempt was made to exclude air during storage.   The as-received resin form was not identified by the 
vendor; it was found to contain potassium salts (Fiskum, Blanchard and Arm 2002).  The dry-sieved 
particle-size distribution for this material is shown in Table 2.1.  The 212- to 425- m particle-size dry-
sieved fraction of the as-received material was used.  This fraction represents 22 wt% of the as-received 
material.  The average particle size of the 212- to 425- m fraction corresponds to 540- m diameter when 
expanded in a solution of 3 M NaOH–2 M NaNO3–0.1M KOH (Fiskum, Blanchard, and Arm 2002).  As 
a general rule, the column diameter should be 20 times greater than the resin particle diameter to 
minimize wall effects (Korkish 1989, p. 39).  Given the diameter of the column at 1.46 cm, the column 
diameter is 27 times the average diameter of the expanded form of 212- to 425- m diameter dry-sieved 
resin.  For comparison, the SL-644 particle-size distribution used for AN-102 testing at Savannah River 
Technology Center (SRTC) (Hassan et al. 2000) is also shown in Table 2.1.   

Table 2.1.  Dry Particle-Size Weight-Percent Distribution of Two Batches of As-Received SL-644 

Sieve Size(1)
Particle Size 

( m)
010319SMC-IV-73 

wt % 
981020mb48-563 

(SRTC) wt % 
18 >1000 0.06  
30 600–1000 37.27 57.33 
40 425–600 38.23 23.73 
50 300–425 18.01 13.71 
70 212–300 6.08 5.12 

100 150–212 0.26 0.11 
140 106–150 0.06  

>140 <106 0.03  
(1) U. S. standard sieve size corresponds to ASTM E-11 specification.

Properties of the 212- to 425- m 010319SMC-IV-73 SL-644 resin have been previously reported 
(Fiskum, Blanchard, and Arm 2002), and selected properties are reproduced in Table 2.2.  The F-factor is 
the ratio of the dry mass of exchanger to the initial mass of the exchanger and was determined at the same 
time the batch contact samples and column resin fractions were weighed.  The F-factor was obtained by 
drying approximately 0.5 g resin, under vacuum, at 50oC to constant mass.  The F-factor was determined 
on the H-form and the as-received form of the resin.  The F-factor for the Na-form of the resin was 
performed differently because of stability problems observed in prior tests on the Na-form of resin 
(Steimke et al. 2001).  Drying to constant mass under vacuum at ambient temperature was considered 
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adequate for removing water from the Na-form resin.(a)  The L-factor represents the fractional mass 
remaining after washing the as-received resin form with 0.5 M HNO3 and DI water, and correcting for 
residual water content as described above.  The INa represents the fractional mass gain upon conversion 
from the H-form to the Na-form, correcting for water content as described above. 

Table 2.2.  SL-644 Properties 

Property 010319SMC-IV-73 
Bulk density, g/mL (as-received) 0.74 
F-factor, as-received 0.877 
L-factor, conversion to H-form, fractional mass remaining 0.538 
F-factor, H-form 0.932 
INa, fractional mass gain from H-form to Na-form 1.25 

2.2 Crystalline Silicotitanate 

Crystalline silicotitanate (CST) IE-911, Lot 2081000009, was obtained from UOP LLC, Des Plaines, 
IL.  The UOP particle-size specification of this material was 30 to 60 mesh.  The material was provided in 
the hydrogen form.  A 5-g aliquot was converted to the Na form by soaking in 40 mL of 1 M NaOH for 
two days.  The NaOH solution was then decanted, and the CST was rinsed with five successive volumes 
of DI water.  The resin was then dried at 95oC overnight.  The F-factor, 0.9708, was determined at the 
same time the batch-contact samples were weighed.  This was obtained by drying approximately 0.5 g at 
105oC to constant mass. 

2.3 AN102/C-104 and AN-102 Feeds 

The AN-102 sample receipt, homogenization, phase separation, subsampling, mixing with C-104 
wash and permeate solutions, and analysis have been previously reported (Urie et al. 2002a).  This 
material was then evaporated to nominally 5 M Na (Lumetta et al. 2002) and underwent Sr/TRU(b)

precipitation and removal by filtration (Hallen et al. 2002).  The total volume of AN-102/C-104 available 
for Cs ion exchange and batch-contact processing was about 788 mL.  To conserve the AN-102/C-104 
material for follow-on work, the IE-911 batch contacts were conducted with AN-102.  The total volume 
of AN-102 available for batch contacts was 34 mL.  Both feeds, AN-102/C-104 and AN-102, were 
analyzed, and the results are summarized in Table 2.3 (analytical details are provided in Appendix D).  
Generally, the AN-102 feed analytes were about a factor of 1.2 more concentrated than the AN102/C104 
analytes.  An exception is the 90Sr that was removed from the AN-102/C104 combined feed before Cs ion 
exchange.

                                                     
(a) After initial drying at ambient temperature under vacuum to constant mass, the resin was heated to 50oC.  The 
heated product appeared (visual inspection) to have degraded, thus potentially nullifying subsequent mass 
measurements. 
(b) TRU = transuranic 
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Table 2.3. Compositions of AN-102/C-104 and AN-102 (Envelope C) 

Analyte AN-102/C-104 AN-102 
Solution density, g/mL 1.244 1.301 

Cations, M 
Na+  4.8 E+0  6.1 E+0 
K+  [2.4 E-2]  [2.8 E-2] 
Cs+(1)  5.99 E-5  7.70 E-5 
Ca2+  [3.7 E-3]  [4.7 E-3] 
Cd2+  2.31 E-4  2.86 E-4 
Cu2+  [1.6 E-4]  [1.3 E-4] 
Ni2+  3.20 E-3  4.06 E-3 
Pb2+  [3.2 E-4]  [4.2 E-4] 
Sr2+  9.87 E-4  6.98 E-4 

Mole Ratios 
Na/Cs mole ratio  8.0 E+4  7.9 E+4 
K/Cs mole ratio  4.0 E+2  3.6 E+2 

Anions, M 
AlO2

- (2)  3.04 E-1  2.46 E-1 
Cl-  5.39 E-2 NA 
F-  <2.3 E-1(3) NA 
CO3

2- (hot persulfate method)  6.94 E-1 NA 
CO3

2- (furnace method)  4.75 E-1 NA 
CrO4

2- (2)  2.08 E-3  2.31 E-3 
NO2

-  9.23 E-1 NA 
NO3

-  1.66 E+0 NA 
OH-  2.0 E-1 NA 
PO4

3- (2) (ICP-AES)  2.41 E-2  1.47 E-2 
PO4

3- (IC)  3.63 E-2 NA 
SO4

2-  6.84 E-2 NA 
Uranyl  1.15 E-4 NA 
Oxalate  3.4 E-2 NA 
TOC, g/L (hot persulfate method)  1.19 E+1 NA 
TOC, g/L (furnace method)  1.89 E+1 NA 

Radionuclides, Ci/mL
Total alpha  1.26 E-2 NA 
60Co  4.06 E-2  5.48 E-2 
90Sr  1.70 E+0  1.40 E+1 
99Tc  7.71 E-2 NA 
137Cs  1.61 E+2  2.07 E+2 
154Eu  < 6 E-2  < 2 E-1 

(1) The Cs concentration was calculated from the 137Cs concentration measured by gamma energy 
analysis (GEA), and the isotopic ratio was measured by thermal ionization mass spectrometry 
(TIMS). 

(2) Al, Cr, and P were determined by inductively-coupled plasma atomic emission spectrometry 
(ICP-AES).  The anionic form was assumed on the basis of waste chemistry. 

(3) F concentration is an upper bound; coeluting anions positively interfered with peak integration. 
NA = not analyzed 
Bracketed results indicate that the analyte concentration uncertainty exceeded 15%. 
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The aluminum concentration was higher in the AN-102/C-104 feed than in the AN-102 feed, most 
probably from caustic leaching of the C-104 solids.  The measured AN-102 feed composition generally 
agreed within 10% of the AN-102 composition previously reported (Hassan et al. 2000); the 
AN-102/C-104 composition generally agreed within 30% with the published composition, with the 
exception of OH.  Hassan et al. reported 1.69 M OH, eight times the OH concentration found in 
AN-102/C-104.

Carbonate and total organic carbon (TOC) are reported here and elsewhere for two different 
analytical methods:  hot persulfate oxidation and furnace oxidation.  The differences in results of the two 
methods reflect the ease or difficulty with which various organic constituents oxidize in the given method. 

2.4  Batch Contacts 

The batch contacts were performed with the H-form of SL-644 batch 010319SMC-IV-73, 212- to 
425- m dry particle size.(c)  The Na-form of IE-911 was tested in parallel with the SL-644.  Batch 
contacts were performed using feed at three different Cs concentrations.  Aliquots of tank-waste samples 
were tested without spiking, and additional aliquots were spiked with 0.75 M CsNO3 to obtain stock 
solutions of nominally 1 E-3 M and 5 E-3 M Cs.  The initial Cs concentrations in the stock contact 
solutions and the corresponding Na/Cs and K/Cs mole ratios are given in Table 2.4. 

Table 2.4.  Initial Cs Concentrations in the AN-102/C-104 Solutions Used for the Batch Kd Tests 

Solution
Target Initial 
Cs Conc. [M] 

Target Nominal 
Na/Cs(1)mole ratio 

Target Nominal  
K/Cs(1) mole ratio 

SL-644 Batch Contact with AN-102/C-104 
Un-spiked 6.0 E-5 8.0 E+4 4.0 E+2 
Cs Spike 1 1.0 E-3 5.0 E+3 2.4 E+1 
Cs Spike 2 5.0 E-3 1.0 E+3 4.8 E+0 

IE-911 Batch Contact with AN-102 
Un-spiked 7.7 E-5 7.9 E+4 3.6 E+2 
Cs Spike 1 1.0 E-3 6.0 E+3 2.8 E+1 
Cs Spike 2 5.0 E-3 1.2 E+3 5.6 E+0 
(1) Na+ and K+ are the primary cations that compete with Cs+ for ion exchange with SL-644.

The batch Kd tests were performed in duplicate at a phase ratio of approximately 100 mL/g (liquid 
volume to exchanger mass).  Typically, 0.05 g of exchanger was contacted with 5 mL of feed.  The 
exchanger mass was determined to an accuracy of 0.0002 g.  The waste volume was transferred by pipet, 
and the actual volume was determined by mass difference with an accuracy of 0.0002 g and the solution 
density.  An orbital shaker provided agitation for approximately 24 h for SL-644 and 72 h for IE-911.(d)

The temperature was not controlled but was generally constant at 25 to 29oC during the 3 days of contact. 

                                                     
(c) Batch-contact testing was conducted according to, and documented in, Test Instruction TI-RPP-WTP-082, 
Rev. 0, Batch Contact of AP-101 and AN-102/C104 Waste with SuperLig 644 (Batch ID 010319SMC-IV-73) and 
CST, S. K. Fiskum, June 2001. 
(d) The 24-h contact time for SL-644 was defined in the test specification.  The 72-h contact time for IE-911 was 
applied based on the results of Brown et al. 1996. 
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All Cs Kd measurements were determined by measuring 137Cs on both the stock solution (initial 
concentration) and the contacted solution (final concentration).  Initial 133Cs concentrations were 
confirmed by inductively-coupled plasma-mass spectrometry (ICP-MS).  The IE-911 batch-contact 
samples were also measured for 90Sr to evaluate Sr Kds.

The batch-distribution coefficient, Kd (with units of mL/g), was determined using the following 
relationship:

F*M
V*

C
)C-C(=K

1

10
d  (1) 

where  C0 = the initial 137Cs concentration 
 C1 = the final 137Cs concentration 
 V = the volume of the liquid sample (mL) 
 M = the mass of the ion exchanger (g) (SL-644 H-form mass corrected for the Na-form mass 

increase or Na-form IE-911 mass) 
 F = the dried resin mass divided by the initial resin mass.  

For the Sr Kd determination, Co and C1 are the initial and final 90Sr concentrations. 

The SL-644 dry-bed resin density, (g of resin per mL of resin in contact with solution), was 
obtained according to the following equation: 

BV
IFLm Na  (2) 

where m = resin mass in the ion exchange column, as-received form 
L = fractional mass remaining after washing (0.538) 
F = water-loss factor, as-received form (0.877) 
INa = fractional mass gain on conversion from H-form to Na-form (1.25) (this factor is set to 1 

when calculating the dry-bed density in the H-form or 0.5 M HNO3 feed) 
BV = resin bed volume (BV) in the feed (discussed in Section 3.2.5). 

The dry-bed density for IE-911 was calculated according to the following equation: 

BV
Fm  (3) 

where m = resin mass 
F = water loss factor 
BV = resin BV in AW-101 simulant. 

The Cs  value (column-distribution ratio) is a function of the dry-bed density and is obtained as 
shown in Equation 4. 

dK   (4) 
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2.5 Experimental Conditions for SL-644 Column Ion Exchange Test 

A schematic of the ion exchange column system is shown in Figure 2.1.  The system consisted of two 
small columns containing the SL-644 ion exchange material, a small metering pump, three valves, a 
pressure gauge, and a pressure relief valve.  Valves 1, 2, and 3 were three-way valves that could be turned 
to the flow position, sample position, or no-flow position.  Valve 1 was placed at the outlet of the pump 
and was used to eliminate air from the system, purge the initial volume of the system, or isolate the 
columns from the pump.  Valves 2 and 3 were primarily used to obtain samples and could also be used to 
isolate the columns from the rest of the system.  The columns were connected in series with the first 
column referred to as the lead column and the second column referred to as the lag column.  

The columns were prepared at the SRTC Glassblowing Laboratory.  Each column consisted of a 
15-cm glass column with a 24/40 taper ground-glass fitting on top and a threaded fitting on the bottom.  A 
polyethylene bushing was installed in the glass-threaded fitting to accommodate a ¼-in stainless steel 
National Pipe Thread (NPT) fitting.  The inside diameter of each column was 1.46 cm, which 
corresponded to a volume of 1.67 mL/cm.  A stainless steel, 200-mesh screen supported the resin bed.  
The height of the resin bed (and thus shrinkage and swelling) was measured with a decal millimeter scale 
affixed to the column.  The upper section contained four entry ports and a taper joint with a screw cap that 
securely fitted the column.  The lead column assembly used a pressure relief valve (10 psi trigger), 
pressure gauge, and sample inlet; the remaining port was plugged.  The lag column assembly used one 
port for sample entry, and the other three ports were plugged.  In both columns, the inlet sample lines 
extended through the port opening to the top of the column.  The connecting tubing was 1/8-in. OD, 1/16-in.
ID polyethylene.  Valved quick-disconnects (Cole Parmer) were installed in-line to allow for ease of 
column switching.  An FMI QVG50 pump (Fluid Metering, Inc., Syosset, NY) equipped with a ceramic 
and Kynar® coated low-flow piston pump head was used to introduce all fluids.  The flowrate was 
controlled with a remotely operated FMI stroke-rate controller.  The pump was calibrated with the 
stroke-rate controller and could provide pumping rates from 0.08 to16 mL/min.  The volume actually 
pumped was determined using the mass of the fluid and the fluid density.  The pressure indicated on the 
pressure gauge remained below 5 psi during all runs.  The total holdup volume of the Cs ion exchange 
system was the summed volume of all fluid-filled parts and was estimated to be 42 mL. 
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Before installing the system into the hot cell, both of the resin beds were individually cycled through 
the acid form.  After the resin cycling, the corrected mass of the Na-form SL-644 was calculated to be 
2.4 g, on a dry-weight basis, in each column according to the following equation: 

 Mbed = MAR * FAR * L *INa (5)

where Mbed = the resin bed mass in the Na-form on a dry-weight basis 
MAR = the resin mass loaded in the column, as-received form 
FAR = the F-factor for the as-received resin (0.877) 
L = the fractional mass remaining after conversion to the H-form (0.538) 
INa = the fractional mass gain on conversion from the H-form to the Na-form (1.25). 

The entire ion exchange system was then used for a full shakedown experiment with AW-101 
simulant (Fiskum, Blanchard, and Arm 2002).  Both columns were individually eluted, rinsed, and 
regenerated.  The ion exchange system was then used to process AP-101 diluted feed (AP-101DF) tank 
waste (Fiskum et al. 2002).  Only the lead column was eluted to a 137Cs concentration C/Co of 4 E-3, 
which was equivalent to a 137Cs concentration of 0.5 Ci/mL.  The lead column was then rinsed with DI 
water, regenerated with 0.25 M NaOH, and again rinsed with DI water.  The lag column contained an 
estimated 35 Ci 137Cs from the lead column Cs breakthrough (Fiskum et al. 2002).  The beds had been 
stored approximately 8 weeks in the Na-form in DI water since the end of the AP-101DF column run.   

The lead and lag columns were switched, and the apparatus volume (AV) of DI water was displaced 
with 0.25 M NaOH before introducing AN-102/C-104 feed.  All subsequent processing(a) was performed 
in the hot cells at temperatures ranging from 25 to 29oC.  The experimental conditions for each process 
step are shown in Table 2.5, where one BV is the volume in 0.25 M NaOH, 10.4 mL.  The bed 
conditioning, AN-102/C-104 loading, feed displacement, and DI water-rinse steps were conducted by 
passing these solutions through both resin beds connected in series.  The AN-102/C-104 effluent was 
collected in two effluent bottles.  The first bottle collected 41 mL, nominally one AV, and consisted 
primarily of the displaced regeneration solution.  The remaining effluent was collected as one fraction.  
The initial 43-mL (1 AV) of feed-displacement solution was collected in the AN-102/C-104 effluent 
composite bottle.  This allowed maximum recovery of the AN-102/C-104 feed and minimized loss 
associated with feed-displacement sampling.  Sampling of the feed-displacement solution began 
immediately after the 1-AV displacement.  The elution was conducted on the lead column only, 
continuing until 16.8 BV had been processed through the column.  The ion exchange system was idled at 
this point overnight for 13.5 h in 0.5 M HNO3.  Then two additional BVs of 0.5 M HNO3 were passed 
through the column.  The resin bed was then rinsed, regenerated, and rinsed again as shown in Table 2.5. 

                                                     
(a) Processing and data collection were recorded in Test Instruction TI-PNNL-WTP-080, Rev. 0, “Separation of 
Cesium from Hanford Tank Waste AN-102/C-104 Wash Solution Integrated Test Sample Using the Dual Small-
Column SuperLig 644 Cesium Ion Exchange System,” SK Fiskum, 6/21/02. 
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Table 2.5.  Experimental Conditions for AN-102/C-104 Ion Exchange 

Total Volume Flowrate Time,
Process step Solution BV(1) AV(2) mL BV/h mL/min h T, oC

 Two columns in series 
 DI water displacement  0.25 M NaOH 8.0 2.0 83 2.7 0.47 2.9  27 

 Loading Lead column(3)
 AN-102/
 C-104 Feed 72.4 -  753 2.7 0.47 27.2 28 

 Loading Lag column(4)
 AN-102/ 
 C-104 Feed 70.8 -  736 2.7 0.47 27.2 28 

 Feed displacement  0.1 M NaOH 11.6 2.9 121 2.8 0.48 4.6 28 
 DI water rinse  DI water 8.2 2.0 86 2.7 0.47 3.2 28 
Lead column only          

 Elution   0.5 M HNO3 18.9 -  197 0.95 0.16 33.7(5) 28

 Eluant rinse   DI water 5.9 2.7 62 2.8 0.49 2.1 28 
 Regeneration  0.25 M NaOH 4.9 2.2 51 0.92 0.16 5.5 32 
 Rinse  DI water 4.6 2.1 48 2.6 0.45 2.0 32 

(1) BV = bed volume (10.4 mL in 0.25 M NaOH regeneration condition) 
(2) AV = apparatus volume (42 mL for columns in series; 23 mL for lead column and 21 mL for lag column) 
(3) Ion exchange run began on 6/26/01. 
(4) The feed volume through the lag column is reduced because of sampling from the lead column.
(5) The elution time includes 13.5 h when the system was idled in 0.5 M HNO3 overnight.



2.10

2.6 Column Sampling

The sampling and analysis protocol is shown in Table 2.6.  During the loading phase, small samples 
(about 2 mL) were collected from the lead and lag columns starting at 5 BVs, then at 13 BVs and 
continuing in nominal 10-BV increments of feed.  The flowrate varied between 2.6 and 2.9 BV/h.  The 
flowrate doubled during sample collection from the lead column because of the strong siphoning effect at 
the sample port.  Thus, for the eight samples collected from the lead column and for 2 min for each 
sample, AN-102/C-104 fed at a nominal flowrate of 6 BV/h.  The feed displacement, DI water rinse, 
elution, and elution-rinse samples were taken at 1-BV increments at flowrates shown in Table 2.5. 

Table 2.6. Sampling Interval and Analyses

Frequency

Process Step 
Lead Column 

BV
Lag Column 

BV
Approximate

Sample Size (mL) Analyses 
Loading Every 10 BV Every 10 BV 2 GEA 
Feed
displacement — Every 1 BV 10 GEA 
DI water rinse  — Every 1 BV 10 GEA 
Elution Every 1 BV — 10 GEA 
Eluant rinse Every 1 BV — 10 GEA 

Composite Samples 
Effluent – 1 — — 2 GEA 

Effluent
composite — — 10 

GEA, ICP-AES, IC, U, 
ICP-MS (Tc), 

pertechnetate, OH, 
TOC/TIC

Regeneration 1 composite — 10 ICP-AES, GEA, OH- 

Eluate  1 composite — 10 

ICP-AES, GEA, TOC, 
IC, U,

TIMS, and various 
radioisotopes

GEA = gamma energy analysis 
ICP-AES = inductively coupled plasma atomic energy spectrometry 
IC = ion chromatography 
ICP-MS = inductively coupled plasma mass spectrometry 
OH = hydroxide 
TOC = total organic carbon 
TIC = total inorganic carbon 
TIMS = thermal ionization mass spectrometry 
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2.7 Sample Analysis 

The 137Cs concentration was determined using a benchtop GEA spectrometer, which allowed for rapid 
sample analysis.  Selected sample results were later confirmed by GEA analysis in the Chemical 
Measurements Center (CMC) analytical laboratory.  The effluent composite sample was submitted for 
various analyses:  GEA, ICP-AES, TOC/TIC, IC, 99Tc, pertechnetate, U, and OH-.  The eluate samples 
required dilution before removal from the hot cell to reduce the dose rate from 137Cs.  The extent of 
dilution was determined by mass difference.  Once the GEA results were confirmed for the eluate 
samples, the eluate samples were composited,(b) and a sample of the composite was submitted for various 
analyses:  GEA, ICP-AES, TOC, IC, U, 90Sr, total alpha, and thermal ionization mass spectrometry 
(TIMS) for Cs isotopic distribution.  A sample of the regeneration solution was taken for ICP-AES and 
OH- determination.   

The Na and other metal concentrations were determined with ICP-AES.  The OH- concentration was 
determined by potentiometric titration with standardized HCl.  Uranium was determined using kinetic 
phosphorescence.  The total Tc concentration was determined by ICP-MS, and the pertechnetate 
concentration was determined using radiochemical separations specific for pertechnetate followed by beta 
counting.  Anions were determined using ion chromatography.  TOC and TIC were determined by silver-
catalyzed hot-persulfate oxidation and furnace oxidation methods. 

                                                     
(b) Compositing was conducted according to Test Instruction TI-RPP-WTP-106, Rev. 0, “Preparing a Composite 
Solution of the Acid Eluate Samples from AN-102/C-104 Cs Ion Exchange Column 1,” SK Fiskum, 9/4/01. 
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3.0 Results and Discussion 
This section describes the results from batch-contact tests and the column test with SL-644. 

3.1 Batch Contact Results 

The Kd values were calculated using Equation 1 and are based on 137Cs concentrations as measured by 
GEA.  The Na/Cs mole ratios were calculated based on the measured Na and total Cs concentrations in 
the uncontacted AN-102/C-104 and AN-102.  The equilibrium Cs concentration was based on the 137Cs
concentrations and the ratio of 137Cs:total Cs determined for the unspiked and spiked solutions.  The Na 
concentration was assumed to be constant for the batch contacts.  Since the quantity of H+ added with the 
resin was small relative to the moles of Na+ and OH- in the contact solution (phase ratio of 100 mL of 
solution:gram of exchanger), this was a reasonable assumption.  In these experiments the waste solutions 
were estimated to have 1 meq of OH- and 24 meq of Na+, while the resin contained 0.1 meq of H+ for the 
0.05 g resin used in the batch distribution tests.(a)

The calculated 137Cs distribution coefficients (Kds) are plotted in Figure 3.1 for SL-644 in contact 
with AN-102/C-104 and IE-911 in contact with AN-102.  At the nominal feed condition of 8 E+4 Na/Cs 
mole ratio, the SL-644 and IE-911 have nearly equivalent Kd values of 950 and 1100 mL/g, respectively. 

0

300

600

900

1200

1500

1800

2100

2400

2700

1E+3 1E+4 1E+5 1E+6 1E+7
Equilibrium Na:Cs Mole Ratio

C
s 

K
d

m
L/

g

SL-644

SL-644, CMC
analysis
IE-911

IE-911 CMC
analysis
SL-644 feed
condition

Figure 3.1. 137Cs Distribution Coefficients (Kd) for SL-644 (AN-102/C-104) 
and IE-911 (AN-102) (T = 27 oC)

                                                     
(a) The resin contained 2.2 meq H+ per gram of H-form resin (Rapko et al. 2002). 
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The calculated dry-bed densities determined using the resin masses and volumes in the ion exchange 
column system (discussed in Section 3.2.5) are given in Table 3.1.  The Na-form resin mass was corrected 
as defined in Equation 5.  Good agreements of the dry-bed densities were obtained between the lead and 
lag columns.  The AN-102/C-104 form dry-bed density was approximately equivalent to the 0.5 M HNO3

form dry-bed density.  In this case, the decrease in mass associated with the change from the Na-form to 
the H-form was approximately equivalent to the decrease in volume upon contracting from the Na-form 
to the H-form. 

Table 3.1.  SL-644 Dry Bed Density 

Property
010319SMC-IV-73, 

Lead Column 
010319SMC-IV-73, 

Lag Column 
Column resin mass, g(1) 4.20 4.17 
Corrected column Na-form resin mass, g 2.48 2.46 
Bed volume, 0.25 M NaOH, mL 10.4 10.5 
Bed volume, AN-102/C-104, mL 9.9 9.9 
Bed volume, 0.5M HNO3 7.7 not performed 
Dry bed density, b, in given matrix
Na-form resin 
0.25 M NaOH, g/mL 0.238 0.234 
AN-102/C-104, g/mL 0.250 0.248 
H-form resin 
0.5 M HNO3, g/mL 0.258 not performed 
(1) The 212- to 425- m particle-size resin mass measured in the as-received form.

The Cs  value for SL-644 was calculated according to Equation 4 to be 250 BVs in the 
AN-102/C-104 feed condition, and 240 BVs in the 0.25 M NaOH regeneration condition.  This value is 
the approximate point at which the Cs breakthrough curve is predicted to pass through C/Co = 50% if 
sufficient feed were available for processing.  There was insufficient AN-102/C-104 available to 
determine the IE-911 bed density in the feed.  The dry-bed density was determined in AW-101 simulant 
to be 1.04 g/mL.  Assuming that the bed density of IE-911 is constant in these matrices, the Cs  value for 
IE-911 was estimated to be 1100 BVs.  Figure 3.2 shows the Cs  values as a function of Na/Cs mole 
ratio for the IE-911 (assumed bed density of 1.04 g/mL, dried to 105 oC) and the SL-644 (calculated bed 
density in 0.25 M NaOH of 0.25 g/mL, dried at ambient temperature under vacuum). 

Strontium-90 was also measured in the IE-911 batch-contacted AN-102 aqueous fractions to evaluate 
Sr Kds.  The 90Sr Kds were fairly constant, ranging from 35 to 53 mL/g for the range of Na/Cs mole ratios 
tested.  These results were much lower than previously reported results for IE-911 (Brown et al. 1996), 
where Sr Kds >1E+6 mL/g were obtained using an AW-101 simulant (no added complexants).  The 
difference was probably due to the presence of complexants in the AN-102/C-104 waste (Urie et al. 
2002b) that may bind with the Sr and inhibit the ion exchange process. 
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Figure 3.2.  Estimated 137Cs  Values for SL-644 (AN-102/C-104) and IE-911 (AN-102) (T = 26oC)

3.2 Column Test with SL-644 

The column system and resin beds used for AN-102/C-104 processing were also used for processing 
the AW-101 simulant and the AP-101DF actual waste.  This test represented the third complete cycle 
using these resin beds.  No resin fouling was observed through all ion exchange processing. 

3.2.1 Loading, Feed Displacement, and Rinse 

The loading phase was initiated with AN-102/C-104.  Approximately 1 AV (41 mL) of effluent was 
initially collected in a separate collection bottle.  Most of this effluent was 0.25 M NaOH from the 
regeneration step mixed with some AN-102/C-104 in the ion exchange apparatus.  This solution was 
maintained separately and not mixed with the final Cs-decontaminated AN-102/C-104 effluent 
composite; thus, most of the apparatus 0.25 M NaOH solution was prevented from mixing with the 
AN-102/C104 effluent.  The resin beds shrank an average 5.6% to 9.9 mL as they converted from the 
regeneration solution to the AN-102/C-104 feed.   

The effluent Cs concentrations are shown in Figure 3.3 as % C/Co vs. the BVs of feed processed 
through each column.  The abscissa reflects BVs as a function of the resin in the expanded regeneration 
condition of 10.4 mL.  The Co value for 137Cs was determined to be 161 Ci/mL.  The % C/Co is plotted 
on a probability scale as this scale tends to provide a straight-line breakthrough curve.  The C/Co values, 
determined using an in-house GEA spectrometer, were generally in good agreement with selected 
samples independently analyzed by the CMC analytical laboratory.  Raw analytical results and 
calculations are located Appendix C.
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Figure 3.3. 137Cs Breakthrough Curves for AN-102/C-104 Sample 

There was insufficient feed available to result in any Cs breakthrough from the lead column.(b)  Thus 
the Cs  value (the point at which the C/Co value is 50%) could not be estimated or compared with the Cs 

 value predicted from batch-contact studies.  This load profile is different than that reported by Hassan 
et al. (2000), where breakthrough was found within 5 BV, and at 60-BV loading they observed 4.5% 
breakthrough on the lead column.  Differences in the load profiles may be attributable in part to the 
differences in feed composition, the differences in resin particle-size distributions, differences in specific 
characteristics of the two SL-644 production batches, and differences in the storage and process history of 
the resins.

                                                     
(b) Only 753-mL or 72.4 BVs AN-102/C-104 were available; an estimated 2500 mL or 240 BVs were necessary to 
reach 50% C/Co.
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The 137Cs concentrations in the lag column samples were clearly higher (by a factor of 50) in activity 
than those of the lead column.  This was consistent with 137Cs “bleed-off” from the previous AP-101DF 
ion exchange processing where the Cs elution ended at a 137Cs concentration of 0.5 Ci/mL.  The effluent 
137Cs concentration averaged 1.4 E-2 Ci/mL over the entire AN-102/C-104 processing period.  Thus a 
total of 10.3 Ci 137Cs were removed from the lag column as bleed-off and collected in the 736-mL 
AN-102/C-104 effluent.  This is equivalent to 0.007 % of the total 137Cs loaded during the AP-101DF 
processing, where AP-101DF loading continued through 112 BV and a lead column C/Co of 0.27 %.  The 
plant-design loading was expected to continue to about 190 BV to a C/Co of 50 %.  The possibility exists 
that Cs bleed-off during AN-102/C-104 processing could be higher if more AP-101DF feed could have 
been processed.  With plant-design operation continuing through only 74-BV processing, the possibility 
exists that the subsequent Cs bleed-off during subsequent waste processing could be lower than observed. 

The bleed-off was constant over the course of the loading phase, dropping sharply with the 
introduction of the feed displacement and DI water rinse.  The drop in Cs bleed-off is related to the drop 
in Na concentration in the feed, which acts as a competing ion to the Cs on the ion exchanger.

The contract 137Cs removal limit is also shown in Figure 3.3.  The C/Co value of 0.104% corresponds 
to the contract limit of 0.3 Ci/m3 for 137Cs in the LAW glass.  The C/Co value corresponding to this limit 
was determined using the Na concentration of 4.8 M in the AN-102/C-104, the 137Cs feed concentration 
of 161 Ci/mL, a 10 wt% total Na2O loading in the glass, and a glass-product density of 2.66 g/mL.(c)

Despite the 137Cs bleed-off from the lag column, the effluent 137Cs concentration remained below the 
contract limit. 

The decontamination factors (DFs) were calculated on selected effluent samples and the composite 
effluent, and are summarized in Table 3.2.  These may be compared to the contract limit of C/Co = 
0.104% (DF = 960).  Sufficient Cs was removed so that the contract limit was met.   

Table 3.2.  Decontamination Factors for 137Cs from AN-102/C-104 

Sample
volume,
BV (mL) 

137Cs Concentration 
Ci/mL(1) C/Co, % DF 

Second lead column sample 13.2 (137) 2.95 E-4 1.83 E-4 5.5 E+5 
Final lead column sample 67.1 (697) 2.10 E-4 1.30 E-4 7.7 E+5 
Second lag column sample 13.0 (135) 1.40 E-2 8.70 E-3 1.2 E+4 
Final lag column sample 65.6 (682) 1.21 E-2 7.52 E-3 1.3 E+4 
Composite effluent 72.4 (753) 1.42 E-2 8.82 E-3 1.1 E+4 
(1)  The 137Cs uncertainty ranges from 3% to 8% relative error, 1- .

The Cs-decontaminated effluent was characterized, and the results are summarized in Table 3.3.  
Major analyte concentrations were equivalent to the feed concentrations within the experimental error of 
the method (typically 15%).  Uranyl and Cu have been notably removed from the tank waste along with 
the Cs.  Oxalate, Ni, PO4, and 60Co concentrations were also lower in the LAW product than the feed.    
                                                     
(c) The maximum Envelope C waste Na2O loading is 14 wt%, corresponding to a C/Co of 0.074%. 
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Table 3.3.  AN-102/C-104 Cs-Decontaminated Effluent 

Analyte AN-102/C-104, Effluent M % Change from Feed 
Solution density, g/mL 1.237 T=24oC -0.6 

Cations, M
Na+  4.78 E+0 -1.0 
K+  2.76 E-2 13.6 
Cs+  5.28 E-9 >-99 
Ca2+  3.72 E-3 0.5 
Cd2+  2.15 E-4 -13.0 
Cu2+  < 1 E-5 [>-95] 
Ni2+  2.47 E-3 -22.8 
Pb2+  3.33 E-4 6.1 
Sr2+  9.92 E-4 0.5 

Anions, M
AlO2

- (1)  2.91 E-1 -4.3 
Cl-  5.08 E-2 -5.8 
F- (2)  < 3.3 E-1 NA 
CO3

2- (hot persulfate method)  7.6 E-1  9.2 
CO3

2- (furnace method) Indeterminate(3) NA(3)

CrO4
2- (1)  1.89 E-3 -9.1 

NO2
-   9.00 E-1 -2.2 

NO3
-   1.73 E+1 4.0 

OH-  1.80 E-1 -10.0 
PO4

3- (1)  (ICP-AES)  1.81 E-2 -25.2 
PO4

3- (1) (IC)  2.32 E-2 -36.1 
SO4

2-  6.97 E-2  1.9 
Uranyl  3.45 E-6 -97.0 
Oxalate  1.59 E-2 -53.2 
TOC, g/L (hot persulfate method) 12.3  3.4 
TOC, g/L (furnace method) 21.2 12.2 

Radionuclides, Ci/mL
Total alpha  1.10 E-2 -12.7 
60Co  3.41 E-2 -16.0 
90Sr  1.52 E+0 -10.6 
99Tc  7.95 E-2 3.1 
137Cs  1.40 E-2 >-99 
154Eu  2.20 E-2 NA 

(1) Al, Cr, and P determined by ICP-AES.  The anionic form is assumed on the basis of waste chemistry. 
(2) F concentration is an upper bound; coeluting anions positively interfered with peak integration. 
(3) The furnace method TIC could not be determined.  The total carbon (TC) was equivalent to the TOC 

and TIC = TC-TOC. 
NA = not analyzed 
Bracketed results indicate the analyte concentration uncertainty exceeds 15%.  Less-than results indicate that 
the analyte concentration was below the instrument detection limit (IDL); the dilution-corrected IDL is 
given. 
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3.2.2 Elution and Eluant Rinse 

The lead column elution and eluant rinse steps 137Cs C/Co
(d) values are shown in Figure 3.4.  The 

ordinate is a logarithmic scale to clearly show the large range of C/Co values obtained.  The abscissa is 
given in BVs relative to the regeneration condition.  Most of the 137Cs was contained in elution BVs 3 to 
5.  The peak value of C/Co was found to be 53.  The elution cutoff of C/Co = 0.01 was reached at 11 BVs 
but elution was continued beyond this because of the lag between sample collection and the determination 
of the Cs concentration.  The relative C/Co increased at 18 BVs.  The ion exchange system was idled at 
this point overnight for 13.5 h in 0.5 M HNO3.  During this time, additional Cs exchanged out of the 
SL-644, indicating that previous eluate samples from the elution curve tail were not in equilibrium with 
the Cs still loaded on the resin.  Thus, the increase in C/Co is attributed to a slight non-equilibrium 
condition during the elution process, not a change in elution kinetics.  The C/Co values for the eluant rinse 
with DI water drop rapidly in 137Cs concentration, indicating that DI water does not continue Cs elution.   
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Conditions:    SL-644 batch # 010319SMC-IV-073 212- to 425- m dry particle size 
Bed volume in the 0.25M NaOH regeneration condition = 10.4 mL 
Flowrate = 0.95 BV/h  Process temperature = 28 oC
137Cs Co = 161 Ci/mL  Eluant = 0.5 M HNO3.

Figure 3.4. 137Cs Elution and Eluant Rinse of the Lead Column 

                                                     
(d) The Co refers to the 137Cs concentration in the AN-102/C-104 sample fed to the lead column.  For elution, the 
C/Co value is an indication of the extent to which 137Cs is concentrated relative to the feed.  It is an indirect measure 
of the extent to which the resin is actually eluted. 
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The eluate samples from the lead column were composited, and a sub-sample was taken for analysis.  
The analytical results are shown in Tables 3.4 and 3.5.  Sodium was the dominant component detected 
using ICP-AES with some Cd, Cr, Cu, Fe, Ni, Pb, and U eluting as well.  A summary of these analyte 

Table 3.4.  Inorganic and Organic Analytes in the Lead Column Eluate Composite 

Analyte Method 
MRQ(1)

g/mL
Cs eluate(2)

g/mL Analyte Method 
MRQ(1)

g/mL
Cs eluate(2)

g/mL
Al ICP-AES 75 [5.8] U KPA 600 167 
Ba ICP-AES 2.3 [0.18] Zn ICP-AES 17 [2.8] 
Ca ICP-AES 150 < 3 Cl- IC 3 22
Cd ICP-AES 8 2.35 F- IC 150 < 13
Co ICP-AES 30 < 0.5 NO3

- IC 3000 27,800
Cr ICP-AES 15 23 PO4

-3 IC 2500 < 25
Cs(4) GEA 1.5 33.2 SO4

-2 IC 2300 < 25
Cu ICP-AES 17 [31] TOC Hot Pers. 1500 130
Fe ICP-AES 150 [6.4] TOC Furnace 1500 < 100 
K ICP-AES 75 < 20 Glycolate Organic IC 1500 <150
La ICP-AES 35 < 0.5 Acetate Organic IC 1500 <120
Mg ICP-AES 300 < 1 Formate Organic IC 1500 <200
Mn ICP-AES 150 < 0.5 Oxalate Organic IC 1500 <260
Mo ICP-AES 150 < 0.5 Citrate Organic IC 1500 <510
Na ICP-AES 75 790 EDTA GC/FID 1500 <5
Ni ICP-AES 30 68 HEDTA GC/FID 1500 <9
Pb ICP-AES 300 25 ED3A GC/FID 1500 <5
Si ICP-AES 170 [20] NTA GC/FID 1500 <6
Sn ICP-AES 1500 < 15 NIDA/IDA(5) GC/FID 1500 <11
Sr ICP-AES NMRQ(3) [1.1] Citric acid GC/FID 1500 <6
Ti ICP-AES 17 < 0.3 Succinic acid GC/FID 1500 19
U ICP-AES 600 [175]     
EDTA = ethylenediaminetetraacetic acid; HEDTA = N-(2-hydroxyethyl ethylenediaminetriacetic acid 
ED3A = ethylenediaminetriacetic acid; NTA = nitrilotriacetic acid; IDA = iminodiactic acid 
NIDA = nitrosoiminodiacetic acid 
(1) MRQ is minimum reportable quantity requested by Bechtel.
(2) The overall error is estimated to be within  15%.  Values in brackets are within 10-times the detection 

limit, and errors are likely to exceed  15%.  Less-than values indicate that the analyte was not detected 
by the instrument, and the reported value represents the IDL multiplied by the sample dilution factor. 

(3) NMRQ is no minimum reportable quantity requested.   
(4) The total Cs concentration was calculated based on the 137Cs concentration and the isotopic distribution 

ratio.
(5) The IDA was completely converted to NIDA in the presence of nitrite in tank waste. 
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Table 3.5.  Radionuclides in the Lead Column Eluate Composite 

Analyte Method
MRQ(1)

Ci/mL
Cs eluate 
Ci/mL(3)

Error
% Analyte Method

MRQ(1)

Ci/mL
Cs eluate 

Ci/mL
Error

%
60Co GEA NMRQ(2) < 7 E-3 – 152Eu GEA NMRQ < 9 E-3 –
90Sr Radchem 1.50 E-1  7.8 E-2 50 154Eu GEA 2.00 E-3 < 8 E-3 –

126Sn/Sb GEA NMRQ < 7 E-2 – 155Eu GEA 9.00 E-2 < 3 E-1 –
134Cs GEA NMRQ < 7 E-3 – 241Am Radchem 7.20E-04 1.18 E-3 3
137Cs GEA 5.00 E-2 6.65 E+2 3 Total alpha Radchem 2.30E-01 < 2 E-2 –

(1) MRQ is minimum reportable quantity requested by Bechtel. 
(2) NMRQ is no minimum reportable quantity requested. 
(3) Less-than values indicate that the analyte was not detected by the instrument, and the reported value represents 

the IDL multiplied by the sample dilution factor.

recoveries is presented in Table 3.6.  The U recovered in the eluate (~33 mg) represented 160% of the U 
present in the AN-102/C-104 feed (21 mg).  The AP-101DF processing apparently loaded some U on the 
lag column.  The total U loaded with the AP-101DF was 48 mg, and the amount recovered in the eluate 
was 42 mg.  The difference of 6 mg U was applied to the lag column U loading.  Switching this column 
into the lead position for AN102/C-104 processing resulted in a partially U-loaded lead column.  Thus, 
the total U recovered in the eluate (33 mg) represented 123% of the total U loaded on the lead column 
(6 mg from AP-101DF processing plus 21 mg from AN-102/C-104 processing).  The apparent Cu loading 
was surprising with 80% recovered in the eluate.  Despite the larger uncertainty in the Cu result (exceeded 

15%), the total calculated mass was supported by the apparent mass loss of Cu in the AN-102/C-104 
effluent (Table 3.3).  As expected, 137Cs was the dominant radionuclide detected.  The only significant 
anion detected was nitrate, which was not surprising since the eluant was 0.5 M HNO3.

Table 3.6.  Select Analyte Recoveries in Eluate 

Analyte 
AN102/C-104 
feed, total mg  

Estimated remaining 
from AP-101DF 
processing, mg 

Amount 
recovered in 
eluate, mg 

Amount 
recovered in 

eluate, mmoles 
Recovery in 
Eluate, % 

U 20.7 6 32.9 0.138 123 
Al 6.18 E+3 — [1.13] 0.042 [0.02] 
Cd 19.6 — 0.46 0.0041 2.3 
Cr 81.3 — 4.5 0.087 5.6 
Cu [7.5] — 6.0 0.094 [80] 
Fe [7.1] — 1.3 0.023 [18] 
Na 8.36 E+4 — 156 6.78 0.19 
Ni 142 — 13.3 0.227 9.4 
Pb 50.5 — 4.9 0.024 9.8 
Values in brackets are based on results reported within 10 times the detection limit, and errors are likely to 
exceed +/-15%.   

The minimum reportable quantity (MRQ) specified by the client is provided in Table 3.4 for 
information along with the actual analytical result.  In cases where a result was below the instrument 
detection limit (IDL), the dilution-corrected IDL is provided as a “less-than” value.  Most of the MRQ 
levels were met with some exceptions.  The large amount of 137Cs prevented the detection limits for 154Eu, 
and 155Eu from meeting the MRQ levels.  Relatively high 137Cs activity increases the gamma background 
level in the detectors because of Compton scattering, thereby making it difficult to detect lower 
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concentrations of other gamma emitters.  The large nitrate concentration required large sample dilutions 
and prevented the estimated quantitation limit (EQL) for Cl (13 g/mL) from meeting the MRQ level.  
However, Cl was found above the EQL at 22 g/mL.  The total inorganic carbon (TIC) analysis was not 
completed because carbonate is known to evolve as CO2 in acidic solutions.

3.2.3 Regeneration

The composition of the regeneration solution is shown in Table 3.7.  Sodium was the only cation 
found above the blank concentration.  The charge balance between Na and OH was not equal.  The 
counter-ion for the extra Na is predicted to be residual NO3 from the elution step.  The regeneration 
solution 137Cs C/Co was 4.68E-4. 

Table 3.7.  Composition of Regeneration Solution 

Analyte Concentration, g/mL Concentration, M 
Na+ 301 1.32 E-2 
K+ < 40 < 1 E-3 
OH- 60 3.6 E-3 
Total Cs 3.77 E-3 2.8 E-8 
137Cs 7.54E-2 Ci/mL 
Density, g/mL 0.998 (T=24oC)

3.2.4 Activity Balance for 137Cs

An activity balance for 137Cs was completed to compare the 137Cs recovered in various process 
streams to the 137Cs present in the feed sample (Table 3.8).  As expected, virtually all 137Cs was found in 
the eluate stream, recovering >99% of the 137Cs present in the initial AN-102/C-104 feed.  The eluate 
resulted in 108% Cs recovery; this high recovery is attributed to analytical error and is most likely closer 
to 100%.  The other processing effluent Cs recoveries were several orders of magnitude below the eluate 
Cs recovery.   

Table 3.8.  Activity Balance for 137Cs

Solution 137Cs, Ci
137Cs Relative to
Feed Sample, % 

Feed Sample (AN-102/C-104)  1.21 E+5  1.0 E+2 
Initial AP-101DF loading  3.5 E+1  2.9 E-2 
Effluent  1.0 E+1  8.5 E-3 
Load samples  3.8 E-1  3.1 E-4 
Feed displacement  8.4 E-1  6.6 E-4 
DI Water Rinse  3.4 E-1  2.8 E-4 
Column #1 Eluate  1.31 E+5  1.08 E+2 
Column #1 DI water rinse  6.0 E+0  5.0 E-3 
Column #1 regeneration  3.8 E+0  3.2 E-3 
Lag column Cs loading  2.2 E-1  1.8 E-4 
Total 137Cs Recovery  1.31 E+5  1.08 E+2 
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3.2.5 SL-644 Resin Volume Changes 

The SL-644 resin is known to change in volume as a function of the solution pH and ionic strength 
(Hassan, King, and McCabe 1999).  The resin BV change history is shown in Table 3.9.  The columns are 
labeled 1 and 2.  Column 1 was the lead column for the AW-101 simulant test and the AP-101DF test; 
Column 2 was the lag column for these tests.  Results from both tests have been previously reported 
(Fiskum, Blanchard, and Arm 2002; Fiskum et al. 2002).  These columns were switched for the 
AN102/C104 ion exchange test.  Thus Column 1 was placed in the lag position, and Column 2 was placed 
in the lead position.

The volume contraction after each subsequent 0.5 M HNO3 elution step became more pronounced 
with cycling.  The first volume contraction stabilized at 9.2 mL; the final measured volume contraction 
stabilized at 7.7 mL.  The variation in BV as a function of the process steps for both columns is shown in 
Figure 3.5a and b.  In Figure 3.5a, the BVs are normalized to the volume in the 0.25 M NaOH 
regeneration condition just before AN-102/C-104 loading.  Each process step is denoted with a number 
corresponding to the step number in Table 3.9.  In Figure 3.5b, the observed volume changes show clearly 
the greater contraction and slightly reduced expansion observed over time with repeated cycling.  
Fluidizing the bed in the H-form (process Step 10) resulted in tighter resin packing, yet the subsequent 
expansion in the Na-form appeared to have been largely unaffected in that the regeneration volume was 
equivalent to that obtained before fluidization.  There appeared to have been a stepwise decline in resin 
volume in both the H-form and the Na-form from AW-101 simulant processing and AP-101DF 
processing.  The AN-102/C-104 process-step resin volumes appeared similar to those found for 
AP-101DF.   
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Table 3.9.  SL-644 Bed Volumes 

010319SMC-IV-73 
212- to 425- m particle size 

Feed Symbol 
Process

Step Column 1 Column 2 
Initial column positions Lead column, mL Lag column, mL 
Initial packing P 1 10.9 10.9 
0.5 M HNO3 E 2 9.2 8.9 
DI water W 3 9.2 8.9 
0.25 M NaOH R 4 11.2 10.8 
AW-101 simulant F 5 10.2 10.0 
0.1 M NaOH FD 6 10.9 10.7 
DI water W 7 10.9 10.9 
0.5 M HNO3 E 8 8.9 8.9 
DI water W 9 8.9 8.7 
Re-fluidize bed RP 10 7.5 7.5 
0.25 M NaOH R 11 11.0 10.9 
DI water W 12 10.5 11.0 
0.5 M HNO3 E 13 7.9 7.7 
DI water W 14 7.9 7.7 
0.25 M NaOH R 15 10.7 10.5 
AP-101DF F 16 9.7 9.7 
0.1 M NaOH FD 17 10.5 10.4 
DI water W 18 10.4 10.5 
0.5 M HNO3 E 19 7.7 — 
DI water W 20 7.7 — 
0.25 M NaOH R 21 10.5 — 
DI water W 22 10.2 — 
Switch column positions Lag column, mL Lead column, mL 
0.25 M NaOH R 23 10.5 10.4 
AN-102/C-104 F 24 9.9 9.9 
0.1 M NaOH FD 25 10.7 10.4 
DI water W 26 10.7 10.4 
0.5 M HNO3 E 27 — 7.7 
DI water W 28 — 7.5 
0.25 M NaOH R 29 — 10.2 
DI water W 30 — 10.4 
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Figure 3.5. Comparison of Bed Volumes of the Lead and Lag Columns 
(SL-644 Batch 010319SMC-IV-73, 212- to 425- m) 
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4.0 Conclusions
The objectives of the testing were met. 

Batch-distribution coefficients (Kds) were developed as a function of Na/Cs mole ratios for both SL-
644 and IE-911 in AN-102/C-104. 

The SL-644 feed condition equilibrium data resulted in a Kd of 950 mL/g, corresponding to a 
predicted Cs  of 240 BVs (0.25 M NaOH condition) at a Na/Cs mole ratio of 8 E+4, 27oC.

The IE-911 CST feed condition equilibrium data resulted in a Kd value of 1100 mL/g, corresponding 
to a predicted Cs  of 1100 BVs at a Na/Cs mole ratio of 8 E+4, 27oC.

Cs decontamination from AN-102/C-104 (Envelope C) was successfully demonstrated. 

An overall DF of 1.13 E+4 was obtained, providing a Cs-decontaminated effluent with 
1.42 E-2 Ci/mL 137Cs.  This corresponded to 8.1% of the contract limit of 1.68 E-1 Ci/mL in the 
treated effluent (based on 10% Na2O loading).(a)

Cs load and elution breakthrough profiles were developed. 

Only 72-BVs (753-mL) of feed were available for processing.  The Cs  value from column testing 
could not be determined because insufficient feed was available for processing relative to the 10-mL 
resin bed.  The load profile through 72 BVs resulted in no Cs breakthrough. 

The partially Cs-loaded lead column was efficiently eluted with 0.5 M HNO3.  Over 99% of the 137Cs
was eluted from the column in 2.5 BVs of eluate, although a total of 11 BVs of eluant were required 
to reach the elution end point of a C/Co = 0.01.  The peak C/Co value for 137Cs was 53.  Virtually 
100% of the 137Cs present in the feed sample was recovered in the eluate fraction, which had a 137Cs
concentration of 6.675 E+2 µCi/mL in 197 mL. 

The Cs eluate solution was composited and characterized.(b)

Along with Cs, U and Cu were recovered in the eluate. 

The effectiveness of all SL-644 ion exchange process steps including loading, feed displacement, DI 
water washing, elution, elution rinse, and resin regeneration were demonstrated. 

Lag column bleed-off, from previous ion exchange waste processing, affected the effluent product 
with 137Cs contamination.  Lag-column samples were a factor of 50 times higher in 137Cs
concentration than lead column samples, but were still <10% of the contract 137Cs limit.  The elution 
protocol may have to be revised to avoid subsequent 137Cs contamination in processed tank waste 
effluent.

                                                     
(a) The effluent 137Cs concentration was 12 % of the contract limit of 1.2 E-1 Ci/mL based on the maximum 
loading of 14 wt% waste Na2O.
(b) Full characterization was not necessary because eluate vitrification was cancelled.  
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The SL-644 was adequately regenerated with 4.9 BVs or 2.2 AVs (51 mL) of 0.25 M NaOH.  The 
average 137Cs concentration in the regeneration solution was 7.5 E-2 Ci/mL, equivalent to C/Co of 
4.7 E-4. 

An activity balance for 137Cs indicated that 100% of the 137Cs present in the feed sample was 
accounted for in the samples and process streams (mostly in the eluate), which is indicative of good 
experimental integrity. 
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Appendix A:  General Calculations 

137Cs Contractual Limit and Design Basis Limit in AN-102/C-104 Env. C Vitrification Feed 

Assumptions-minimum waste loading

1) Concentration of Na2O in Env. C glass = 10% (= 10 g Na2O/100 g glass) 

2) For maximum 137Cs concentration in glass, assume that all Na comes from the feed.  If some Na 
is added to the vitrification feed, multiply the maximum 137Cs value determined below by ratio of 
total Na:feed Na. 

3) Glass density = 2.66 MT/m3 (= 2.66 g/mL) 

4) Maximum 137Cs in glass = 0.3 Ci/m3 (= 0.3 Ci/1 E+6 mL = 3 E-7 Ci/mL) 

5) AN-102/C-104 actual waste Na concentration =  4.8 M 

6) AN-102/C-104 actual waste 137Cs concentration = 161 Ci/mL/4.8 M Na

Na Loading in Glass
10 g Na2O/100g glass * 1 mole Na2O/62 g Na2O) * (2 mole Na/ mole Na2O)*
(23 g Na/mole Na) * (2.66 g glass/mL glass) = 0.197 g Na/mL glass 

Maximum 137Cs:Na in glass 
(3.0E-7 Ci 137Cs/mL glass)/(0.197 g Na/mL glass) = 1.52 E-6 Ci 137Cs/g Na 

(1.52 E-6 Ci 137Cs/g Na) * (23 g Na/mole) = 3.50E-5 Ci 137Cs/mole Na 

Maximum 137Cs:Na in feed 
(3.50E-5 Ci 137Cs/mole Na) * (4.8 mole Na/L feed) = 1.68 E-4 Ci 137Cs/L
       = 1.68 E+2 Ci 137Cs/L
       = 1.68 E-1 Ci 137Cs/mL 

AN-102/C-104 actual waste Cs fraction remaining (C/Co) Contractual and Design Limit
(1.68 E-1 Ci 137Cs/mL)/(161 Ci 137Cs/mL) = 1.04 E-3 C/Co;  DF  = 958 
       = 0.104 % C/Co
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137Cs Contractual Limit and Design Basis Limit in AN-102/C-104 Env. C Vitrification Feed 

Assumptions-maximum waste loading

1) Concentration of Na2O in Env. C glass = 14% (= 14 g Na2O/100 g glass) 

2) For maximum 137Cs concentration in glass, assume that all Na comes from the feed.  If some Na 
is added to the vitrification feed, multiply the maximum 137Cs value determined below by ratio of 
total Na:feed Na. 

3) Glass density = 2.66 MT/m3 (= 2.66 g/mL) 

4) Maximum 137Cs in glass = 0.3 Ci/m3 (= 0.3 Ci/1 E+6 mL = 3 E-7 Ci/mL) 

5) AN-102/C-104 actual waste Na concentration = 4.8 M 

6) AN-102/C-104 actual waste 137Cs concentration = 161 Ci/mL/4.8 M Na

Na Loading in Glass
14 g Na2O/100g glass * 1 mole Na2O/62 g Na2O) * (2 mole Na/ mole Na2O)*
(23 g Na/mole Na) * (2.66 g glass/mL glass) = 0.276 g Na/mL glass 

Maximum 137Cs:Na in glass 
(3.0E-7 Ci 137Cs/mL glass)/(0.276 g Na/mL glass) = 1.09 E-6 Ci 137Cs/g Na 

(1.09 E-6 Ci 137Cs/g Na) * (23 g Na/mole) = 2.50E-5 Ci 137Cs/mole Na 

Maximum 137Cs:Na in feed 
(2.50E-5 Ci 137Cs/mole Na) * (4.8 mole Na/L feed) = 1.20 E-4 Ci 137Cs/L
       = 1.20 E+2 Ci 137Cs/L
       = 1.20 E-1 Ci 137Cs/mL 

AN-102/C-104 actual waste Cs fraction remaining (C/Co) Contractual and Design Limit
(1.20 E-1 Ci 137Cs/ mL)/(161 Ci 137Cs/mL) = 7.45 E-4 C/Co;  DF  = 1343 
       = 0.0745 % C/Co
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Table A.1.  AN-102/C-104 Feed and Effluent Composition

AN102/C104 Feed volume AN102/C104 Effluent volume
753 mL 753 mL

AN102/C104 Feed composition AN102/C104 Effluent composition

ASR 6130 ASR-6130 ASR 6281 ASR 6281 ASR 6281
Multiplier= 100.0 100.0 24.9 24.9 124.7

RPL/LAB #= PB-1338 01-1345 PB-776 02-0777 02-0777@5

Det. Limit Client ID= FW
process 

blank
ANC102/104-

C-F/A Molarity ug total
process 

blank
AN102/C104 
Cs removed

AN102/ 
C104 Cs 
removed Molarity ug total

% recovered 
in effluent

(ug/mL) (Analyte) (ug/mL) (ug/mL) (ug/mL) (ug/mL) (ug/mL)
0.150 Na 22.99 1010 111000 4.83E+0 83583000 -- over range 110000 4.78E+0 82830000 99.1
2.000 K 39.0983 -- [950] [2.43E-2] [715350] -- 1080 2.76E-2 813240 [114]

0.060 Al 26.98 84.10 8210 3.04E-1 6182130 -- 7840 2.91E-1 5903520 95.5
0.010 Ba 137.33 [1.3] [1.6] high blank NA -- -- <1.8E-6 --
0.250 Ca 40.08 -- [150] [3.74E-3] [112950] -- 149 3.72E-3 112197 [99]
0.015 Cd 112.41 -- 26.0 2.31E-4 19578 -- 24.2 2.15E-4 18223 93.1
0.050 Co 58.9332 -- -- <8.5E-5 -- [1.9] [3.22E-5] [1431] --
0.020 Cr 51.996 -- 108 2.08E-3 81324 -- 98 1.89E-3 73945 90.9
0.025 Cu 63.546 -- [10.0] [1.57E-4] [7530] -- -- <9.8E-6 --
0.025 Fe 55.847 [5.7] [9.4] [6.63E-5] [2786] -- [2.0] [3.58E-5] [1506] [54]
0.100 Mg 24.305 -- -- <4.1E-4 -- -- <1.0E-4 --
0.050 Mn 54.938 -- -- <9.1E-5 -- -- <2.3E-5 --
0.030 Ni 58.7 -- 188 3.20E-3 141564 -- 145 2.47E-3 109185 77.1
0.100 Pb 207.2 -- [67] [3.23E-4] [50451] -- 69 3.33E-4 52032 [103]
0.050 Zn 65.38 -- [8.6] [1.32E-4] [6476] -- [4.0] [6.12E-5] [3012] [47]

Other Analytes
0.025 Ag -- -- -- -- --
0.250 As -- -- -- -- --
0.050 B 10.81 750 624 high blank NA -- 86 7.99E-3 65059 NA
0.010 Be -- -- -- -- --
0.100 Bi -- -- -- -- --
0.200 Ce -- -- -- -- --
0.050 Dy -- -- -- -- --
0.100 Eu -- -- -- -- --
0.050 La -- -- -- -- --
0.030 Li -- -- -- -- --
0.050 Mo 95.94 -- [22] [2.29E-4] [16566] -- 23 2.41E-4 17394 [105]
0.100 Nd 144.24 -- -- -- [3.6] [2.50E-5] [2711] --
0.100 P 30.974 -- 748 2.41E-2 563244 -- 562 1.81E-2 423186 75.1
0.750 Pd -- -- -- -- --
0.300 Rh -- -- -- -- --
1.100 Ru -- -- -- -- --
0.500 Sb -- -- -- -- --
0.250 Se -- -- -- -- --
0.500 Si 28.0855 973 1110 3.95E-2 835830 -- 179 6.37E-3 134787 16.1
1.500 Sn -- -- -- -- --
0.015 Sr 87.62 -- 86.5 9.87E-4 65135 -- 86.9 9.92E-4 65436 100.5
1.500 Te -- -- -- -- --
1.000 Th -- -- -- -- --
0.025 Ti -- -- -- -- --
0.500 Tl -- -- -- -- --
2.000 U 238 -- -- -- -- --

U(KPA) 238 0.11 27.49 1.15E-4 20698 0.03 0.82 3.45E-6 619 3.0
0.050 V -- -- -- -- --
2.000 W -- -- -- -- --
0.050 Y -- -- -- -- --
0.050 Zr -- -- --

Note: 1) Overall error greater than 10-times detection limit is estimated to be within +/- 15%.
2) Values in brackets [] are within 10-times detection limit with errors likely to exceed 15%.
3) "--" indicate measurement is below detection. Sample detection limit may be found by
multiplying "det. limit" (far left column) by "multiplier" (top of each column).
4) The Fe value for ASR 6130 was blank-subtracted
5) The feed sample was also analyzed per ASR 6107
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Table A.2. AN-102/C-104 Eluate Composition

AN102/C104 Cs Eluate volume
197 mL

AN102/C104 Cs Eluate composition

ASR 6281 ASR 6281 ASR 6281
Multiplier= 1.0 10.0 10.0

RPL/LAB #= 02-00779-DB 02-00779
02-00779 

DUP

Det. Limit Client ID= FW Diluent Blank
AN102/C104-
CsE-Comp 1

AN102/C104-
CsE-Comp 1-

Dup Average M ug total

estimated ug 
from AP-101 
processing

%
recovered 
in eluate

(ug/mL) (Analyte) (ug/mL) (ug/mL) (ug/mL)
0.150 Na 22.99 -- 775 810 792.50 3.45E-02 156123 0.19
2.000 K 39.0983 -- -- -- --

0.060 Al 26.98 -- [5.7] [5.8] [5.8] [2.13E-4] [1133] [0.02]
0.010 Ba 137.33 -- [0.16] [0.19] [0.18] [1.27E-6] [34] NA high blank in feed
0.250 Ca 40.08 -- -- -- <2.5E+0 --
0.015 Cd 112.41 -- 2.31 2.38 2.35 2.09E-05 462 2.36
0.050 Co 58.9332 -- -- -- <5.0E-1 --
0.020 Cr 51.996 -- 22.5 23.3 22.9 4.40E-04 4511 5.55
0.025 Cu 63.546 -- 30.1 31.1 30.6 4.82E-04 6028 [80]
0.025 Fe 55.847 -- 6.16 6.56 6.36 1.14E-04 1253 [45]
0.100 Mg 24.305 -- -- -- <1.0E+0 --
0.050 Mn 54.938 -- -- -- <5.0E-1 --
0.030 Ni 58.7 -- 66.6 68.9 67.8 1.15E-03 13347 9.43
0.100 Pb 207.2 -- 24.8 25.4 25.1 1.21E-04 4945 9.80
0.050 Zn 65.38 -- [2.7] [2.8] [2.8] [4.21E-5] [542] [8.37]

Other Analytes
0.025 Ag -- -- -- --
0.250 As -- -- -- --
0.050 B 10.81 -- 7.28 7.47 7.38 6.82E-04 1453 NA high blank in feed
0.010 Be -- -- -- --
0.100 Bi -- -- -- --
0.200 Ce -- -- -- --
0.050 Dy -- -- -- --
0.100 Eu -- -- -- --
0.050 La -- -- -- --
0.030 Li -- -- -- --
0.050 Mo 95.94 -- -- -- <5.0E-1 --
0.100 Nd 144.24 -- -- -- --
0.100 P 30.974 -- -- -- <1.0E+0 --
0.750 Pd -- -- -- --
0.300 Rh -- -- -- --
1.100 Ru -- -- -- --
0.500 Sb -- -- -- --
0.250 Se -- -- -- --
0.500 Si 28.0855 -- [20] [20] [20] [7.12E-4] [3940] [0.47]
1.500 Sn -- -- -- --
0.015 Sr 87.62 -- [1.0] [1.1] [1.1] [1.20E-5] [207] [0.32]
1.500 Te -- -- -- --
1.000 Th -- -- -- --
0.025 Ti -- -- -- --
0.500 Tl -- -- -- --
2.000 U 238 -- [170] [180] [175] [7.35E-4] [34475] 6000 NA not detected in feed by ICP

U(KPA) 238 0.16 169 165 167 7.02E-04 32899 6000 123.22
0.050 V -- -- -- --
2.000 W -- -- -- --
0.050 Y -- -- -- --
0.050 Zr -- -- -- --

Note: 1) O Note: 1) Overall error greater than 10-times detection limit is estimated to be within +/- 15%.
2) Values 2) Values in brackets [] are within 10-times detection limit with errors likely to exceed 15%.
3) "--" indic3) "--" indicate measurement is below detection. Sample detection limit may be found by
multiplyingmultiplying "det. limit" (far left column) by "multiplier" (top of each column).
4) The Fe value for ASR 6130 was blank-subtracted
5) The feed sample was also analyzed per ASR 6107
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Table A.3.  AN-102 Feed Composition 
AN102 Feed composition

ASR= 6130 6130 6130
Multiplier= 100.0 200.0 200.0

RPL/LAB #= PB-1338 01-1354 01-2354D average average

Det. Limit Client ID=
process 

blank
AN102 CST-

C-F/A
AN102CST-

C-F/A

(ug/mL) FW (Analyte) (ug/mL) (ug/mL) (ug/mL) (ug/mL) M
0.150 22.990 Na 1010 136000 146000 141000 6.13E+0
2.000 39.098 K -- [1100] [1100] [1100] [2.8E-2]

0
0.060 26.980 Al 84.10 6520 6,730 6625 2.46E-1
0.010 137.330 Ba [1.3] [2.5] --
0.250 40.080 Ca -- [190] [190] [190] [4.7E-3]
0.015 112.410 Cd -- 32.1 32.3 32 2.86E-4
0.050 58.930 Co -- --
0.020 51.996 Cr -- 119 121 120 2.31E-3
0.025 63.546 Cu -- [8.4] [7.5] [8.0] [1.3E-4]
0.025 55.847 Fe [5.7] [9.1] [8.8] [9.0] [5.8E-5] blank subtracted
0.100 24.305 Mg -- -- --
0.050 54.938 Mn -- -- --
0.030 58.700 Ni -- 237 240 239 4.06E-3
0.100 207.200 Pb -- [88] [84] [86] [4.2E-4]
0.050 65.380 Zn -- -- --

Other Analytes
0.025 Ag -- -- --
0.250 As -- -- --
0.050 10.810 B 750 815 755 785 high blank
0.010 Be -- -- --
0.100 Bi -- -- --
0.200 Ce -- -- --
0.050 Dy -- -- --
0.100 Eu -- -- --
0.050 La -- -- --
0.030 Li -- -- --
0.050 95.940 Mo -- [26] [27] [27] [2.8E-4]
0.100 Nd -- --
0.100 30.970 P -- 457 455 456 1.47E-2
0.750 Pd -- -- --
0.300 Rh -- -- --
1.100 Ru -- -- --
0.500 Sb -- -- --
0.250 Se -- -- --
0.500 28.086 Si 973 1250 1240 1245 high blank
1.500 Sn -- -- --
0.015 87.620 Sr -- 60.3 62.1 61 6.98E-4
1.500 Te -- -- --
1.000 Th -- -- --
0.025 Ti -- -- --
0.500 Tl -- -- --
2.000 238.000 U -- -- --
0.050 V -- -- --
2.000 W -- -- --
0.050 Y -- -- --
0.050 Zr -- -- --

Note: 1) Overall error greater than 10-times detection limit is estimated to be within +/- 15%.
2) Values in brackets [] are within 10-times detection limit with errors likely to exceed 15%.
3) "--" indicate measurement is below detection. Sample detection limit may be found by
multiplying "det. limit" (far left column) by "multiplier" (top of each column).
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Appendix C 

Column Testing Calculations
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C.9

Table C.3. AN-102/C-104 Column Samples CMC Analytical Results Summary

AN-102/C-104 column run CMC Analytical data

Lead column, loading phase
Sample ID CMC ID Cs-137, Ci/mL error, % C/Co % C/Co BV DF
AN102/C104L-F0 161 3 1.00E+0 From ASR 6174
AN102/C104L-F2 01-01714 2.95E-04 5 1.83E-6 1.83E-04 13.2 5.46E+5
AN102/C104L-F5 01-01715 2.55E-04 8 1.58E-6 1.58E-04 40.9 6.31E+5
AN102/C104L-F8 01-01716 2.10E-04 6 1.30E-6 1.30E-04 67.1 7.67E+5 Maximum
AN102/C104P-F2 01-01717 1.40E-02 3 8.70E-5 8.70E-03 13.0 1.15E+4
AN102/C104P-F6 01-01718 1.55E-02 2 9.63E-5 9.63E-03 48.7 1.04E+4
AN102/C104P-F8 01-01719 1.21E-02 3 7.52E-5 7.52E-03 65.6 1.33E+4
AN102/C104 comp 01-1733 1.42E-02 4.84 8.82E-5 8.82E-03 1.13E+4 composite

Feed Displacement
Sample ID CMC ID Cs-137, Ci/mL error, % C/Co % C/Co
AN102/C104-FD-1 01-1721 1.73E-2 2 1.07E-4 1.07E-2
AN102/C104-FD-5 01-1722 1.76E-3 2 1.09E-5 1.09E-3
AN102/C104-FD-9 01-1723 1.81E-3 3 1.12E-5 1.12E-3
AN102/C104-FDI-4 01-1724 1.88E-3 3 1.17E-5 1.17E-3
AN102/C104-FDI-8 01-1725 7.03E-4 3 4.37E-6 4.37E-4

Lead column, eluting phase
Sample ID CMC ID Cs-137, Ci/mL error, % C/Co BV
AN102/C104LE-4DR 01-1726 4.63E+3 2 2.88E+1 3.43E+0
AN102/C104LE-5DD 01-1727 8.52E+3 2 5.29E+1 4.41E+0
AN102/C104LE-6DD 01-1728 1.13E+3 3 7.02E+0 5.38E+0
AN102/C104LE-9DR 01-1729 3.43E+0 2 2.13E-2 8.33E+0
AN102/C104LE-12D 01-1730 7.21E-1 3 4.48E-3 1.11E+1

AN102/C104L-EDI2 01-1731 5.64E-02 2 3.50E-4
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Table C.4.  Integration Column Breakthrough 

AN-102/C-104 Cs IX Lead Column Breakthrough Curve Integration

Lead Col Bed Volume in AN102/C104 Feed = 9.9 mL
Lead Col Bed Volume in 0.25 M NaOH = 10.4 mL
Activity of Cs-137 in Feed = 161 uCi/mL

Sample
Processed Vol 

(mL)
Cs-137 
C/Co

Cs-137 
Conc

( Ci/mL)
 Vol 

(mL)
C/Co

Midpoint

Midpoint 
Conc 

( Ci/mL) Area ( Ci)

Cs-137 
( Ci/mL)

CMC 
Analysis

AN102L-F1 48.4 -1.07E-6 -1.73E-4 48.4 -1.07E-6 -1.73E-4 -8.36E-3
AN102L-F2 137.0 1.19E-6 1.92E-4 88.7 5.78E-8 9.30E-6 8.25E-4 2.95E-4
AN102L-F3 230.6 3.43E-6 5.51E-4 93.5 2.31E-6 3.72E-4 3.47E-2
AN102L-F4 330.9 1.29E-6 2.08E-4 100.4 2.36E-6 3.80E-4 3.81E-2
AN102L-F5 425.9 5.43E-6 8.74E-4 94.9 3.36E-6 5.41E-4 5.14E-2 2.55E-4
AN102L-F6 516.7 4.07E-7 6.56E-5 90.9 2.92E-6 4.70E-4 4.27E-2
AN102L-F7 607.1 3.41E-6 5.49E-4 90.4 1.91E-6 3.07E-4 2.78E-2
AN102L-F8 697.4 -3.58E-8 -5.77E-6 90.3 1.69E-6 2.72E-4 2.45E-2 2.10E-4

sum through 67 BV 2.20E-1 Ci Cs-137

AN-102/C-104 Cs IX Lag Column Breakthrough Curve Integration

Lag Col Bed Volume in AN-102/C-104 Feed = 9.9 mL
Lag Col Bed Volume in 0.25 M NaOH = 10.5 mL
Activity of Cs-137 in Feed = 161 uCi/mL

Sample
Processed Vol 

(mL)
Cs-137 
C/Co

Cs-137 
Conc

( Ci/mL)
 Vol 

(mL)
C/Co

Midpoint

Midpoint 
Conc 

( Ci/mL) Area ( Ci)
AN102P-F1 48.8 1.92E-4 3.10E-2 48.8 1.92E-4 3.10E-2 1.51E+0
AN102P-F2 135.0 1.60E-4 2.57E-2 86.2 1.76E-4 2.83E-2 2.44E+0
AN102P-F3 225.8 1.73E-4 2.79E-2 90.8 1.66E-4 2.68E-2 2.43E+0
AN102P-F4 323.2 2.19E-4 3.52E-2 97.4 1.96E-4 3.15E-2 3.07E+0
AN102P-F5 415.5 1.91E-4 3.08E-2 92.3 2.05E-4 3.30E-2 3.05E+0
AN102P-F6 506.0 1.60E-4 2.57E-2 90.5 1.75E-4 2.82E-2 2.55E+0
AN102P-F7 593.6 1.46E-4 2.35E-2 87.6 1.53E-4 2.46E-2 2.15E+0
AN102P-F8 682.1 1.75E-4 2.81E-2 88.5 1.60E-4 2.58E-2 2.29E+0

sum through 67 BV 1.95E+1 Ci Cs-137
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