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Summary 

The primary goal of the Tank Side Cesium Removal (TSCR) system, under development by Washington 
River Protection Solutions, LLC (WRPS), is to remove entrained solids and 137Cs from the Hanford tank 
waste supernate to expedite production of low-activity waste. Ion exchange (IX) testing of 10.9 L of 
waste from Hanford tank 241-AP-105 (AP-105), performed by Pacific Northwest National Laboratory, 
used a lead-lag-polish column format, with a bed volume of 10 mL per column, to decontaminate tank 
waste supernate using crystalline silicotitanate (CST) as the IX media.1  

The AP-105 Cs IX processing test, discussed elsewhere, resulted in a shorter transition zone (i.e., steeper 
load curve) than those defined by wastes from tanks 241-AP-107 and 241-AW-102.1 The shorter 
transition zone was indicative of a matrix effect retarding Cs capacity. Therefore, aliquots of spent CST 
from the lead, lag, and polish columns were subjected to a digestion protocol to quantify analytes retained 
by the CST and extrapolate the impact on Cs capacity. The spent CST was digested using a combination 
of 5 M HNO3 and H2O2 with vigorous heating and stirring. Due to the radiation dose accompanying the 
137Cs on the CST columns, a secondary Cs separation by ammonium molybdophosphate embedded in 
polyacrylonitrile (AMP-PAN) was performed to separate the 137Cs from the CST so the samples could be 
contact-handled for analysis outside of a shielded facility.  

A summary of the inductively coupled plasma optical emission spectroscopy (ICP-OES) and inductively 
coupled plasma mass spectrometry (ICP-MS) results is shown in Table S.1, reporting selected analytes 
retained by the CST. Resource Conservation and Recovery Act hazardous metals, including Ba and Pb, 
were retained by the spent CST. Additionally, it was observed that the transition metals that likely occur 
in the tank waste as divalent ions, including Cd, Ca, Pb, Sr, and potentially Fe, are retained by the CST by 
IX and/or other mechanisms (e.g., precipitation/filtration by the CST bed). The loading of these analytes 
decreased from the lead to lag to polish column, with the highest concentration found on the lead column. 
The same phenomenon was not observed for K, which was the second-most prevalent analyte retained by 
CST, behind Ca. The K loaded uniformly across the three columns.  

Small amounts of Al were quantified in the CST digestate solutions. The mechanism of Al retention is 
likely due to formation of the zeolitic aluminosilicates on the surface of CST. The spent CST also retained 
a portion of the uranium from the IX feed. 

Compositional integrity of the CST was assessed by calculating the recovery of the main CST 
components (Ti, Nb, and Zr) quantified in spent CST compared to the initial concentrations reported for 
pre-treated CST. No discernable leaching of CST components was observed in AP-105 effluent, which 
was validated by the quantitative recovery of the CST components in the digested CST from AP-105 
processing.  

 

 
1 Fiskum SK, AM Westesen, AM Carney, TT Trang-Le, and RA Peterson. 2021. Ion Exchange Processing of AP-

105 Hanford Tank Waste through Crystalline Silicotitanate in a Staged 2- then 3-Column System. PNNL-30712, 
Rev. 0; RPT-DFTP-025, Rev. 0. Pacific Northwest National Laboratory, Richland, Washington.  
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Table S.1. Chemical Composition (mmol/g dry CST) of Spent CST Post-Processing AP-105 Hanford tank 
Waste 

Analysis Method 
 

AP-105-1  
(lead) 

AP-105-2 
(lag) 

AP-105-3 
(polish) 

Analyte Primary Duplicate Average RPD Primary Primary 

ICP-OES 

Al 0.056 0.051 0.053 7% 0.052 0.050 
Ba 0.003 0.003 0.003 1% 0.001 0.000 
Ca 0.215 0.206 0.211 3% 0.195 0.163 
Cd [5.2E-04] [4.4E-04] [4.8E-04] NA [3.5E-04] [3.9E-04] 
Fe 0.015 0.015 0.015 1% 0.011 0.008 
K 0.148 0.141 0.145 3% 0.146 0.145 
Na 4.21 4.05 4.13 3% 4.32 4.44 
Nb 1.45 1.40 1.42 2% 1.41 1.42 
Ni [0.001] [0.001] [0.001] NA [0.001] [0.001] 
Pb 0.027 0.026 0.027 3% 0.023 0.020 
Si 1.81 0.833 1.32 52% 1.81 1.91 
Sr 1.89E-03 2.12E-03 2.00E-03 8% 2.91E-04 5.91E-05 
Ti 3.70 3.58 3.64 2% 3.63 3.68 
Zr 1.15 1.11 1.13 2% 1.15 1.17 

ICP-MS 

Sr 2.07E-03 5.21E-03 3.64E-03 61% 4.03E-04 2.37E-04 
Ba 8.26E-04 6.44E-04 7.35E-04 17% 4.92E-04 3.78E-04 
Pb 2.56E-02 2.11E-02 2.33E-02 14% 2.16E-02 1.79E-02 
U 3.01E-03 3.10E-03 3.05E-03 2% 3.01E-03 2.42E-03 

Dry Mass CST, g  9.42  9.92 9.77 
Values in brackets [ ] were ≥ the method detection limit but < the estimated quantitation limit, with errors likely to 
exceed 15%. 
Italicized values indicate a relative percent difference (RPD) >15% between duplicate samples of the AP-105 lead 
column.  
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Acronyms and Abbreviations 

AMP-PAN ammonium molybdophosphate embedded in polyacryolnitrile 

ASO Analytical Support Operations  

ASR Analytical Service Request 

CST  crystalline silicotitanate 

DIW deionized water 

EQL estimated quantitation limit 

ICP-OES inductively coupled plasma optical emission spectroscopy 

ICP-MS inductively coupled plasma mass spectrometry 

IX ion exchange 

MDL method detection limit 

PNNL Pacific Northwest National Laboratory 

PSD particle size distribution 

QA quality assurance 

R&D research and development 

RCRA Resource Conservation and Recovery Act 

RPD relative percent difference 

SAL Shielded Analytical Laboratory 

TSCR Tank Side Cesium Removal 

WRPS Washington River Protection Solutions, LLC 

WWFTP WRPS Waste Form Testing Program 

ZAM Zheng-Anthony-Miller (model) 
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1.0 Introduction 

The primary goal of the Tank Side Cesium Removal (TSCR) system, under development by Washington 
River Protection Solutions LLC (WRPS), is to remove entrained solids and 137Cs from the Hanford tank 
waste supernate to expedite production of low-activity waste. Pacific Northwest National Laboratory 
(PNNL) has been tasked with laboratory-scale demonstration of the filtration and subsequent ion 
exchange (IX) processes toward this goal. Crystalline silicotitanate (CST), product UOP-IONSIV™ 
R9140-B, manufactured by Honeywell UOP, LLC (Des Plaines, IL) has been selected to support the 
TSCR pretreatment flowsheet for Cs removal from tank waste supernatant. To date, PNNL has processed 
supernate from tanks 241-AP-107, 241-AW-102, and 241-AP-105 (hereafter AP-107, AW-102, and AP-
105) with CST media to understand bounding processing conditions ranging from particle size to 
temperature impacts on Cs removal (Westesen et al. 2021; Rovira et al. 2019; Fiskum et al. 2021). Two 
process flow designs have been tested: (1) a lead-lag column format executed for AP-107 and AW-102 IX 
processing and (2) a lead-lag-polish column format, which was tested on AP-105. The lead-lag-polish 
column format boasted 81% Cs load capacity on the lead column, which was significantly greater than the 
~52% Cs capacity on the lead column in a two-stage format with AP-107 and AW-102 processing 
(Fiskum et al. 2021).  

Characterization of spent CST following IX processing of Hanford tank wastes from AW-102 and AP-
107 was conducted using a two-step digestion/separation protocol (Campbell et al. 2019). The authors 
found measurable retention of Ba, Ca, Cd, Fe, Pb, Sr, U, Np, and Pu on the CST. The uptake of these 
analytes was thought to impact Cs uptake. Later batch contact testing indicated high selectivity and 
uptake capacities of Ca, Pb, Ba, and Sr, but the presence of these analytes, apart from Ba, had limited to 
no effect on Cs exchange capacity (Campbell et al. 2020b). 

Testing with diluted feed from Hanford tank AP-105 incorporated a nuanced change to the lead-lag-polish 
column system where the polish column was inserted when the lag column effluent reached the waste 
acceptance criteria limit2 for 137Cs. A 10.9-L volume of AP-105 (diluted with Columbia River water to 
5.6 M Na) was processed through the Direct Feed Test Platform system, established at PNNL. The 
columns consisted of 10-mL CST beds (CST Lot 2002009604, sieved to screen out >30-mesh particles) 
placed in 1.5-cm-inner-diameter IX columns. Feed was processed at 1.83 bed volumes per hour; the 
flowrate, in terms of contact time with the CST bed, matched the expected flowrate of the full-size TSCR 
system. The <30-mesh CST sieve cut was expected to provide appropriate performance scaling to a full-
height column. (Fiskum et al. 2019, 2021).  

Analytical characterization of the feed and effluent from AP-105 was previously reported (Fiskum et al. 
2021) and is reproduced in Table 1.1. Partitioning of Pb, a Resource Conservation and Recovery Act 
(RCRA) metal, toward CST was evident, as indicated by the 29% recovery of Pb in the effluent (i.e., most 
was retained on the CST). Assessment of Ba, Fe, and Cd was not achieved due to limitations with the 
detection limit of the method in correlation to the complexity of the tank waste matrix. Feed and effluent 
results indicated quantitative removal of Sr from the feed, which had been observed post-processing AP-
107 and AW-102 tank waste as well (Westesen et al. 2021; Rovira et al. 2019; Campbell et al. 2020a). 
Radionuclides, including 237Np, 238U, 90Sr, and several isotopes of Pu, also partitioned to the CST to some 
extent.   
  

 
2 24590-WTP-ICD-MG-01-030, Rev. 0. 2015. ICD 30 – Interface Control Document for Direct LAW Feed. 

Bechtel National, Inc. (River Protection Project Waste Treatment Plant), Richland, Washington. 
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Table 1.1. Analyte Concentrations in AP-105 Feed in Comparison to Select Analyte Recoveries in AP-
105 Effluent 

 Analyte 

Feed 
Concentration 

(M) 

Effluent 
Concentration  

(M) 
Fraction in 

Effluent 

Metals /  
Nonmetals 

Al 5.26E-01 5.23E-01 99% 
As <5.5E-04 [9.7E-04] -- 
Ba <1.06E-06 <1.3E-06 -- 
Ca 1.03E-03 1.02E-03 99% 
Cd [2.4E-05] [2.0E-05] -- 
Cr 6.43E-03 6.56E-03 101% 
Fe [2.0E-05] <1.6E-05 -- 
K 1.02E-01 1.02E-01 100% 
Na 5.92E+00 6.00E+00 101% 
Nb 2.74E-07 2.89E-05 NA 
P 1.27E-02 1.44E-02 113% 
Pb 9.00E-05 2.67E-05 29% 
S 4.66E-02 4.65E-02 99% 
Sr 1.82E-06 1.64E-07 9% 
Ti <5.9E-06 [2.3E-05] NA 
U 2.46E-05 1.99E-05 80% 
Zn [4.6E-05] [4.7E-05] -- 
Zr <9.4E-06 [4.5E-05] NA 

 
Analyte 

Feed 
Concentration 

(µCi/mL) 

Effluent 
Concentration 

(µCi/mL) 
Fraction in 

Effluent 

Radionuclides(a) 

90Sr 6.90E-01 7.23E-04 0.10% 
99Tc 1.13E-01 1.05E-01 93% 
137Cs 1.13E+02 5.36E-02 0.047% 
237Np 6.69E-06 1.22E-06 18% 
238Pu 6.37E-06 2.64E-06 41% 
239+240Pu 3.94E-05 1.56E-05 39% 
241Am 2.66E-04 2.30E-04 86% 

(a) Reference date is December 2020. 
Notes: 
“<” values were < method detection limit (MDL).  
“--” indicates effluent recovery could/should not be calculated; feed and/or effluent result was  
< estimated quantitation limit (EQL). 
Values in brackets [ ] were ≥ MDL but < EQL, with errors likely to exceed 15%.  
NA = not applicable; analytes are CST components. 
The recovered fractions are calculated with values containing more significant figures than shown; 
using listed values may result in a slight difference due to rounding.  

The AP-105 Cs IX processing test resulted in a shorter transition zone (i.e., steeper load curve) than those 
defined by AP-107 and AW-102 (Fiskum et al. 2021). The shorter transition zone was indicative of a 
matrix effect retarding Cs capacity. Therefore, an examination of the post-processed CST was warranted 
to try to understand if other tank waste components present in AP-105 tank waste had consumed Cs 
exchange sites. A general understanding of matrix impacts on Cs IX performance will help the execution 
of Cs exchange at the TSCR platform. In addition, assessment of the capacity of the IX media for 
alternative metals will help define potential alternative disposition pathways.  
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The direct analytical characterization of the Cs-loaded CST digestate is not feasible due to the high 
dilution required to reduce 137Cs radiation dose (for personnel safety), which would in turn bring 
concentrations of the retained tank waste constituents below analytical detection limits. The analytical 
method developed for the selective removal of Cs from the digested CST (Campbell et al. 2019) was 
applied. 

The objectives of the work described in this report were as follows:  

1. Following the previously developed method, digest subsamples of CST that had been used for 
processing of AP-105 tank waste supernate. 

2. Separate Cs from the digestates following the developed method. 

3. Quantify concentrations of Ba, Ca, Cd, Fe, Ni, Pb, Sr, and U on CST processed with AP-105 tank 
waste supernate. 

4. Compare analyte loading with previously tested CST from AP-107 and AW-102 waste processing 
(Campbell et al. 2019).  
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2.0 Quality Assurance 

All research and development (R&D) work at PNNL is performed in accordance with PNNL’s 
Laboratory-Level Quality Management Program, which is based on a graded application of NQA-1-2000, 
Quality Assurance Requirements for Nuclear Facility Applications (ASME 2000), to R&D activities. To 
ensure that all client quality assurance (QA) expectations were addressed, the QA controls of the PNNL’s 
WRPS Waste Form Testing Program (WWFTP) QA program were also implemented for this work. The 
WWFTP QA program implements the requirements of NQA-1-2008, Quality Assurance Requirements 
for Nuclear Facility Applications (ASME 2008), and NQA-1a-2009, Addenda to ASME NQA-1-2008 
(ASME 2009), and consists of the WWFTP Quality Assurance Plan (QA-WWFTP-001) and associated 
QA-NSLW-numbered procedures that provide detailed instructions for implementing NQA-1 
requirements for R&D work. 

The work described in this report was assigned the technology level “Applied Research” and was 
planned, performed, documented, and reported in accordance with procedure QA-NSLW-1102, Scientific 
Investigation for Applied Research. All staff members contributing to the work received proper technical 
and QA training prior to performing quality-affecting work. 
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3.0 Experimental 

The acid digestion and Cs separation protocol developed in 2019 by Campbell et al. was implemented for 
spent CST post-processing AP-105 Hanford tank waste. The goal of this method is to minimize sample 
dilution and eliminate the high radiation dose from 137Cs to enable analytical determination of analytes 
retained by CST. Processing and characterization of the spent CST is depicted in Figure 3.1. The 
analytical method is composed of three major steps: (1) digestion of CST in 5 M HNO3 + 3% H2O2, 
(2) separation of Cs using ammonium molybdophosphate embedded in polyacrylonitrile (AMP-PAN) IX 
resin, and (3) analytical characterization of the Cs-depleted aqueous fraction by inductively coupled 
plasma optical emission spectroscopy (ICP-OES) and inductively coupled plasma mass spectrometry 
(ICP-MS).  

 

Figure 3.1. Schematic of the Analytical Method for Determination of CST Loading Characteristics 

Targeted analytes included Ba, Ca, Cd, Fe, Ni, Pb, Sr, and U to compare with previous CST loading 
results. CST compositional materials Na, Nb, Si, Ti, and Zr were measured to assess effects on chemical 
integrity of the CST as a result of tank waste processing. A matrix spike was included to assess matrix 
effects of the digestion solution on quantification of select analytes.  

 CST Media 

CST is manufactured by Honeywell UOP, LLC as IONSIV™. WRPS purchased CST product R9140-B,3 
18  50 mesh, lot number 2002009604. PNNL received a sample from WRPS on September 20, 2018, 
for testing. Delivery and initial subsampling were described previously (Fiskum et al. 2019).  

A 34.5-g aliquot of the as-received, full particle size distribution (PSD) CST was collected and rinsed 
with ~100 mL of 0.1 M NaOH three times to remove colloidal fines. The CST was then rinsed once with 
80 mL of deionized water (DIW) to remove the salt solution. The rinsed CST was set aside to dry at 
ambient temperature (~20 °C) for 13 days, at which point it essentially reached constant mass. Before 
subsampling, the CST was mixed by hand-tumbling the container.  

The spent CST media from AP-105 processing was stored for nearly 8 months in three stainless-steel 
“thimbles,” labeled AP-105-1, AP-105-2, and AP-105-3, corresponding to the lead, lag, and polish 
columns, respectively. The total masses of free-flowing, air-dried CST for AP-105-1, AP-105-2, and AP-
105-3 were 10.0201, 10.2845, and 10.3823 g, respectively.  

 
3 Product R9140-B is provided in the sodium form and did not require conversion from the hydrogen form to the 

sodium form prior to testing. 
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Each stainless-steel “thimble” was opened and inspected prior to aliquoting. The CST from all columns 
was free-flowing and free of agglomeration. The CST was gently swirled to mix the contents prior to 
F-factor measurements.  

3.1.1 CST F-factor 

The F-factor (dry CST mass per sampled CST mass) was determined for the uncontacted (blank) CST 
after heating at ~105 °C. CST of full PSD, rinsed with 0.1 M NaOH, was used as a blank in the digestion 
experiments. A small aliquot of the CST was placed into each of two tared glass vials, which were then 
placed into an Isotemp oven (Fisher Scientific Model 280A) set to 105 °C. The vials were periodically 
removed from the oven, allowed to cool, then capped and the gross masses were measured. The net CST 
masses were calculated. Typically, mass measures were collected every 4 to 12 hours until the mass 
changes were <1% between successive drying-weighing events. The F-factors for this duplicate pair 
(0.9129 and 0.9094) averaged 0.9111 with a relative percent difference of 0.39%. 

The F-factors of the spent CST were measured in the Shielded Analytical Laboratory (SAL) hot cells in 
PNNL’s Radiochemical Processing Laboratory using a compact oven (Thermo Scientific Model 3511); 
values are shown in Table 3.1. A 0.8-g aliquot of AP-105-1 CST (from the lead column) was transferred 
from the stainless-steel “thimble” to a tared 40-mL glass vial and the mass of CST was measured. 
Additionally, 0.6-g aliquots of AP-105-2 (from the lag column) and AP-105-3 (from the polish column) 
CST were transferred to tared 40-mL glass vials and the gross masses were recorded. The three spent CST 
F-factor samples were placed in the oven set to 105 °C. The vials were removed from the oven after 4 
hours and the gross masses were measured. The vials were heated another ~18 hours and reweighed.  The 
net CST masses were calculated, and the mass changes for all three CST samples were <1%. The dried 
CST aliquots were used for digestion.  

The dry mass basis of the CST recovered from the columns was calculated using the F-factors from the 
lead, lag, and polish columns in Table 3.1. The masses of free-flowing, air-dried CST were multiplied by 
the F-factor to get dry masses of 9.42, 9.92, and 9.77 g for lead, lag, and polish columns, respectively.  

Table 3.1. F-factors of CST from Lot 2002009604 and Post-processing AP-105 Hanford Tank Waste 

Sample Description F-factor 
Full PSD, rinsed with 0.1 M NaOH 0.9111 
Lead column (AP-105-1) 0.9400 
Lag column (AP-105-2) 0.9648 
Polish column (AP-105-3) 0.9411 

 Digestion of CST from AP-105 Processing 

Precisely weighed aliquots (targeting 0.3 g) of dried CST from the F-factor vials were transferred to pre-
weighed 40-mL glass vials containing a stir bar. The lead column CST, from AP-105-1, was digested in 
duplicate. Digestion of spent CST was accomplished by transferring 25 mL of 5 M HNO3 to the glass vial 
and placing it on a stir plate/hot plate with the vial loosely capped. The stir speed was adjusted to medium 
with the heat set to “high.” Heating and stirring of the slurry continued until the liquid turned a milky 
white color and was on the verge of boiling. At this point, the vials were removed from the hot plate and 
2.5 mL of H2O2 was added. Immediately upon addition of H2O2, the liquid turned a deep red color, due to 
formation of the Ti(IV)•hydrogen peroxide complexes (Kuchmii et al. 1988), and bubbles were observed 
rising from the bottom of the vial. The temperature dial of the hot plate was turned off and the digestate 
solution was placed back on the hot plate/stir plate with vigorous stirring for ~15 minutes. The vial was 
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removed from stirring, gently swirled, and inspected for complete dissolution of the CST media. After at 
least 10 minutes of cooling, the post-digestion mass was recorded.  

In addition, two ~0.3-g aliquots (primary and duplicate) of CST (lot 2002009604), pre-treated with 0.1 M 
NaOH, and a process blank, underwent the same digestion protocol. The CST blanks served as a control 
with previously reported digestion data for this lot of CST and the process blank was necessary to assess 
any cross-contamination in the hot cell. 

 Cs Removal Using AMP-PAN 

Outside of SAL, aliquots of nominally 0.6 g of AMP-PAN resin (TRISKEM International, lot 
FHCM180523) were measured into seven 50-mL centrifuge tubes. A volumetric pipet was used to deliver 
20 mL of DIW to each centrifuge tube and the gross mass was recorded. Optimum performance of AMP-
PAN for Cs removal was observed from an aqueous phase of ~1 M HNO3; thus, the DIW was added to 
the AMP-PAN to dilute the ~5 M HNO3 digestate solution (Todd et al. 2002). 

The centrifuge tubes were transferred to SAL where 5.0 mL of the CST digestion solution was pipetted to 
the appropriate AMP-PAN centrifuge tube. The gross masses were recorded, and the centrifuge tubes 
were secured to a RotoFlex Plus end-over-end rotary device (Argos Technologies, Inc., Vernon Hills, IL). 
AMP-PAN contacts were rotated at 30 rpm for ~2 hours under ambient temperature (29 °C.)  

The AMP-PAN in the samples was allowed to settle and then the supernate was filtered using an 
acid-washed 0.7-µm pore size polypropylene filter. The diluted, Cs-removed CST digestion solutions 
were removed from the hot cell and the mass of 1 mL of each solution was measured in duplicate. The 
mass per unit volume was used to calculate the analyte loading per gram of dry CST from the ICP-OES 
and ICP-MS mass/volume results.  

 Matrix Spike 

A matrix spike with target analytes was prepared to evaluate the effect of the CST digestion matrices on 
ICP-OES and ICP-MS analysis. The nitrate salts of Ba, Sr, Pb, Ca, Fe, and Ni were measured and 
combined into a 25-mL volumetric flask as defined in Table 3.2. The metal salts were dissolved in 
~15 mL of DIW and 0.5 mL of concentrated HNO3 was added. The volumetric flask was diluted to the 
line with DIW, which resulted in a 2% (v/v) HNO3 matrix. A 200-µL aliquot of the metal salt stock 
solution was pipetted into a 10-mL volumetric flask and diluted to the line with the pre-treated CST 
digestate solution (primary blank).  

Table 3.2. Preparation of Metal Salt Stock Solution for Matrix Spike 

Compound 

Target Metal  
Concentration 

(µg/mL) 
Salt Mass Added 

(g) 
Ba(NO3)2 2500 0.0624 
Sr(NO3)2 750 0.0198 
Pb(NO3)2 45,000 1.1258 
Ca(NO3)2ꞏ4H2O 45,000 1.1230 
Fe(NO3)3ꞏ9H2O 8,750 0.2179 
Ni(NO3)2ꞏ6H2O 750 0.0204 
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4.0 Results 

Analyte concentrations were obtained by both ICP-OES and ICP-MS analysis. The composition of 
analyte, CCSTa in mmol/g for all digestion solutions was calculated using the following equation: 

𝐶ௌ் ൌ
ሺCDa × Dሻ× 𝑚d

d × 𝑚CST × FW 
  (4.1) 

where: 
D = dilution factor (diluted digestate (g)/digestate (g)) 

CDa = concentration of analyte a in the digestate solution 
md = mass of digestate solution 

d = density of the diluted digestate solution (g/mL) 
mCST = dry mass of CST digested 
FW = formula weight 

 Verification of Analysis Method 

Results from the matrix spike analysis are shown in Table 4.1 for the selected analytes. The target 
concentration, in µg/mL, is that predicted from mass measurements made during dissolution of metal salts 
and subsequent dilution in the CST digestate solution. The measured concentration refers to the 
concentration reported by ICP-OES analysis for that sample. The percent recovery for all analytes of 
interest are 11% to 35% high, but within analytical error for all but Sr. The Sr value is biased high for the 
recovery in the matrix, but overall the matrix spike verified that the analysis method was suitable for a 
matrix with high Si, Ti, and Nb components.  

Table 4.1. Recovery of Select Analytes in CST Digestate 

Compound 

Target  
Concentration  

(µg/mL) 

Measured  
Concentration 

(µg/mL) % recovery 
Ba(NO3)2 49.92 29.3 112% 
Sr(NO3)2 15.84 8.89 135% 
Pb(NO3)2 900.6 624 111% 
Ca(NO3)2ꞏ4H2O 898.4 171 112% 
Fe(NO3)3ꞏ9H2O 174.3 27.7 115% 
Ni(NO3)2ꞏ6H2O 16.32 3.84 117% 
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 Chemical Composition of CST 

Analytical results for the digestion of CST from lot 2002009604, full particle size, and rinsed with 0.1 M 
NaOH are shown in Table 4.2.   

Table 4.2. Chemical Composition (mmol/g of dry CST) of Full Particle Size CST after  
Pretreatment with 0.1 M NaOH 

Analysis Method Analyte Blank Blank-duplicate Average  RPD 

ICP-OES 

Al [0.022] [0.018] [0.020] -- 
Ca 0.096 0.100 0.098 3% 
Cd -- -- ND -- 
Fe 0.003 0.003 0.003 5% 
K -- -- ND -- 
Na 4.93 4.91 4.92 0% 
Nb 1.46 1.47 1.46 1% 
Ni -- -- ND -- 
Pb -- -- ND -- 
Si 1.28 1.97 1.62 30% 
Sr 8.0E-05 7.2E-05 7.6E-05 8% 
Ti 3.73 3.76 3.75 1% 
Zr 1.18 1.21 1.19 2% 

ICP-MS 

 Sr  2.56E-04 2.47E-04 2.51E-04 3% 
 Ba  5.57E-04 5.08E-04 5.33E-04 6% 
 Pb  [4.2E-06] [4.5E-06] [4.4E-06] -- 
 U  [9E-07] 2.E-06 1.5E-06 53% 

Values in brackets [ ] were ≥ MDL but < EQL, with errors likely to exceed 15%. 
“--” and ND = not detected. 

The Nb content in the full particle size CST (lot 2002009604), rinsed with 0.1 M NaOH, was 13.6 wt%. 
This is in agreement with the Nb content of 12.5 wt% previously reported for lot 2002009604 by 
Campbell et al. (2020a). The Ti content of 17.9 wt% was identical to that quantified previously (Campbell 
et al. 2020a). The Ti:Nb ratio was calculated to be 2.6. Increasing Nb content and decreasing the Ti:Nb 
molar ratio correlates with enhanced selectivity of the CST for Cs (Tripathi et al. 2003). 

The Na concentration, or theoretical IX capacity, on the pretreated CST was calculated to be 4.92 
mmoles/gram on average, which is slightly higher than the reported value (Zheng et al. 1996; Walker Jr. 
et al. 1998). Ca is the only other analyte present in sufficient quantity that does not exist in the CST 
framework. Initially suspected as a competitor for Cs exchange, recent studies have shown that Ca does 
not impact Cs uptake in a caustic matrix (Campbell et al. 2020b).  

 Characterization of CST Post-Processing Actual Tank Waste from 
AP-105 

Concentrations of analytes retained by CST post-processing of AP-105 Hanford tank waste are shown in 
Table 4.3. At the conclusion of IX processing, the spent CST from the three columns underwent feed 
displacement, followed by a water rinse, and were then dried to free-flowing with compressed air prior to 
transfer into stainless steel “thimbles.” The mass of the “thimbles” was recorded before and after spent 
CST was transferred; therefore, the net mass of CST for each container was calculated. The total masses 
of free-flowing, air-dried CST for AP-105-1, AP-105-2, and AP-105-3 were 10.0201, 10.2845, and 
10.3823 g, respectively.  
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Table 4.3. Chemical Composition (mmol/g dry CST) of Spent CST Post-Processing AP-105 Hanford 
Tank Waste 

CST Source →  
AP-105-1  

(lead) 
AP-105-2 

(lag) 
AP-105-3 
(polish) 

Analysis Method Analyte Primary Duplicate Average RPD Primary Primary 

ICP-OES 

Al 0.056 0.051 0.053 7% 0.052 0.050 
Ca 0.215 0.206 0.211 3% 0.195 0.163 
Cd [5.2E-04] [4.4E-04] [4.8E-04] NA [3.5E-04] [3.9E-04] 
Fe 0.015 0.015 0.015 1% 0.011 0.008 
K 0.148 0.141 0.145 3% 0.146 0.145 
Na 4.21 4.05 4.13 3% 4.32 4.44 
Nb 1.45 1.40 1.42 2% 1.41 1.42 
Ni [0.001] [0.001] [0.001] NA [0.001] [0.001] 
Pb 0.027 0.026 0.027 3% 0.023 0.020 
Si 1.81 0.833 1.32 52% 1.81 1.91 
Sr 1.89E-03 2.12E-03 2.00E-03 8% 2.91E-04 5.91E-05 
Ti 3.70 3.58 3.64 2% 3.63 3.68 
Zr 1.15 1.11 1.13 2% 1.15 1.17 

ICP-MS 

Sr 2.07E-03 5.21E-03 3.64E-03 61% 4.03E-04 2.37E-04 
Ba 8.26E-04 6.44E-04 7.35E-04 17% 4.92E-04 3.78E-04 
Pb 2.56E-02 2.11E-02 2.33E-02 14% 2.16E-02 1.79E-02 
U 3.01E-03 3.10E-03 3.05E-03 2% 3.01E-03 2.42E-03 

Dry Mass CST, g  9.42  9.92 9.77 
Values in brackets [ ] were ≥ the MDL but < the EQL, with errors likely to exceed 15%. 
Italicized values indicate a relative percent difference (RPD) >15% between duplicate samples of the AP-105 lead 
column.  

Compositional integrity of the CST can be assessed by calculating the recovery of the main CST 
components (Ti, Nb, and Zr) quantified in spent CST compared to the initial concentrations reported for 
pretreated CST. Si is reported in Table 4.3; however, it was excluded from recovery due to potentially 
biased Si results from digestion in glass. The recovery of each component, as shown in Table 4.4 for the 
three columns, is simply a ratio of concentrations in Table 4.3 vs. Table 4.2 for the corresponding 
analytes. Contrary to previous digestion results (Campbell et al. 2020a), there does not appear to have 
been any leaching of CST components during AP-105 IX testing, as indicated by the near-quantitative 
recovery for the CST framework.  

Table 4.4. Recoveries of Select CST Components in AP-105 Spent CST 

Analyte AP-105-1 AP-105-2 AP-105-3 

Ti 99% 95% 97% 98% 

Nb 99% 95% 96% 97% 

Zr 96% 93% 97% 98% 

Aside from the main components of CST (Si, Ti, Nb, and Zr), analytes in the feed co-retained with Cs on 
the CST include Al, Ba, Ca, Fe, K, Pb, Sr, and U. The Al distribution was uniform across all three 
columns, and the likely mechanism of Al retention is formation of the zeolitic aluminosilicates such as 
cancrinite on the CST surface (Taylor and Mattus 2001). Ca, the analyte with the highest molar retention 
by CST, loaded most heavily on the lead column and steadily decreased to the polish column. The lead 
column contained 0.211 mmoles Ca/g dry CST, which decreased to 0.163 mmoles Ca/g dry CST on the 
polish column. As described in the documents cited in the next sentence, extensive batch contact testing 
has been conducted with Ca in a caustic matrix to investigate competition with Cs and the results indicate 
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that CST is highly selective for Ca; however, Cs uptake is not heavily impacted by the presence of Ca. 
One hypothesis is that Ca forms wollanstonite, CaSiO3 (Rashid et al. 2014), CaTiO3 (Ueda et al. 1999), 
and/or CaTiSiO5 (Speer and Gibbs 1976) when contacted with CST.  

Fe and Pb were also found on the spent CST. The Pb concentration on the lead column was 0.027 
mmoles/g and decreased incrementally from lag to polish at 0.023 to 0.020 mmoles Pb/g dry CST. A 
similar observation was made for Fe partitioning, where nominally 0.015 mmoles/g was quantified on the 
lead column, followed by 0.011 mmoles/g and 0.008 mmoles/g on the lag and polish columns, 
respectively. This trend indicates the mechanism for uptake may be similar to that of Cs and is in 
agreement with Pb results previously reported with the same lot of CST for AW-102 tank waste testing 
(Campbell et al. 2019). 

Interestingly, K was more uniformly distributed on the CST, with nominally 0.145 mmoles K/g dry CST 
quantified on all three columns. Of all the analytes reported, K was the only analyte of interest observed 
to follow this behavior. This may be indicative of a different mechanism by which K is partitioning to the 
CST. There is very limited data available in the literature regarding K exchange with CST; however, from 
this data, K uptake does not appear to follow Cs loading. 

The total mass balance of select analytes is presented in Table 4.5. The contributions of analytes inherent 
to CST were calculated by multiplying the analyte concentration (mmol/g) in conditioned CST 
(Table 4.3) by the total dry mass (30 g) of CST loaded in the three columns. To calculate the analyte 
contribution on spent CST, the concentration of analyte (mmoles/g in Table 4.4) was multiplied by the 
dry CST mass of the corresponding column (10 g each column). The mmole analyte sum from the three 
columns was thus the total analyte loaded on CST, which should make up the difference between the feed 
and effluent concentrations.  

Table 4.5. Mass Balance of Select Analytes Partitioned to the Feed, Effluent, and CST from  
AP-105 Waste Processing 

Analyte 

AP-105 IX 
Feed  

(mmoles) 

Analyte Intrinsic to 
30 g CST  
(mmoles) 

AP-105 Effluent 
(mmoles) 

Analyte Loaded on 
30 g CST 
 (mmoles) 

Fraction in  
Effluent 

Mass 
Balance 

Al 5.76E+03 0.601 5.70E+03 1.51 99% 99% 

Ba [0.053] 0.016 [0.014] 0.02 -- 43% 

Ca 11.2 2.94 11.2 5.52 99% 118% 

Cd [0.26] -- [0.22] 0.01 -- 91% 

Fe [0.22] 0.092 <0.17(a) 0.33 -- 163% 

K 1.11E+03 -- 1.11E+03 4.23 100% 100% 

Pb 0.985 -- 0.291 0.68 29% 98% 

Sr 0.0200 0.002 0.0018 0.02 9% 108% 

U 0.269 -- 0.217 0.08 80% 111% 

(a) Value <MDL, so MDL was used as the bounding value. 
Values in brackets [ ] were ≥ MDL but < EQL, with errors likely to exceed 15%.  
Bolded, italicized values represent analysis by ICP-MS. 

The three analytes with the lowest detectable fraction in the effluent were Pb, Sr, and U. When assessing 
the total analyte fractionation between the feed, effluent, and CST, there is near-complete mass balance 
for these analytes. While Sr is quantitatively removed by the CST, digestion of the spent CST confirms 
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that the Sr partitions to the CST. Additionally, nearly all the Pb is accounted for when the concentration 
of Pb portioned to the CST is combined with the small amount that travels through the column into the 
effluent. Initially, Pb was a concern due to RCRA environmental regulations and potential competition for 
Cs exchange sites. Both have been further investigated, and a Toxicity Characteristic Leaching Procedure 
(EPA 1992) test on spent CST from AW-102 and AP-107 showed that RCRA metal leaching was less 
than the regulatory levels (Campbell et. al 2020a). Additionally, a series of batch contacts with Pb alone 
and in combination with Cs did not show competitive interference with Cs exchange, even at high Pb 
loading (Campbell et al. 2020b).  

A comparison of analyte loading on the lead columns from AP-107, AW-102, and AP-105 is shown in 
Table 4.6. Note that AP-107 did use a different lot of CST, 2081000057, and inconsistencies in the 
manufacturing and subsequent performance of CST from lot to lot has been observed in the past (Pease et 
al. 2019; Campbell et al. 2020a). The concentration of Al was the highest for AP-107 processing. The 
concentration of Ca found on CST that had processed AP-105 waste was the highest for the three tanks 
studied; this may be a direct correlation to the highest Ca concentration in AP-105 feed as compared to 
the other two tanks. Batch contact studies with Ca-loaded CST confirmed that the presence of Ca on CST 
had no effect on Cs exchange capacity at nominally 7.5×10-4 M equilibrium Cs in a 1.0 M NaOH/4.6 M 
NaNO3 simulant (Fiskum et al. 2020). 

Potassium, the second most prevalent analyte loaded on CST, was found to be 0.145 mmoles K/g dry 
CST (AP-105 processing). The K uptake mechanism is not fully understood, and additional data are 
necessary to extrapolate the impact of K on Cs exchange. The K loading predicted by the Zheng-
Anthony-Miller (ZAM) model is significantly larger than the concentration of K found on spent CST. 
Additional efforts are underway to assess this discrepancy and provide a better estimation of K impact on 
Cs exchange (Campbell et al 2021).  

Table 4.6. CST Lead Column Analyte Loading from AW-102, AP-107, and AP-105 Waste Processing 

CST Lot → 
AW-102(a)  

(2002009604) 
AP-107(a) 

(2081000057) 
AP-105 

(2002009604) 
Analyte mmol/g 

Al 0.027 0.155 0.053 
Ba 0.001 0.002 7.35E-4 
Ca 0.147 0.124 0.211 
Cd 0.001 0.002 [0.0005] 
Cu 0.029 0.020 -- 
Fe 0.012 0.017 0.015 
K 0.221 0.108 0.145 
Pb 0.014 0.026 0.027 
Sr 0.001 0.001 0.002 
U 0.005 0.006 0.003 

CST Components, mmol/g 
Na 3.51 3.49 4.13 
Nb 1.46 1.17 1.42 
Si 1.77 1.23 1.32 
Ti 3.31 2.99 3.64 
Zr 0.947 0.979 1.13 

(a) Campbell et al. 2020a 
Values in brackets [ ] were ≥ MDL but < EQL, with errors likely to exceed 15%.  

All three tank waste tests quantitatively removed Sr, and the CST digestions proved that Sr partitions to 
the CST with Cs. Small amounts of Cd, Fe, and U were also found on the CST. The summations of total 
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mmoles of exchanged analytes were within 12% of the predicted mmoles lost due to Na exchange for 
AP-105.  

Overall, the integrity of the CST post-processing AP-105 was maintained. The same was not observed for 
the CST digested post-processing AW-102 and AP-107 tank wastes. Again, the CST lot used in AP-107 
processing was slightly different than that used in AW-102 and AP-105 processing, with the most notable 
distinction being the Nb content near 10% lower concentration and much less Ca inherent in the 
manufactured product used for processing AP-107.  
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5.0 Conclusions 

The digestion protocol developed in 2019 by Campbell et al. was used to dissolve CST and remove 137Cs 
from the aqueous matrix to support analyte analysis. 

1. The spent CST, post feed displacement, water flush, and purged with compressed air, remained 
free-flowing, and free of agglomeration after nearly 8 months of storage. 

2. Ca loading on the CST progressively decreased from lead to lag to polish column. The 
concentration of Ca on the lead column post-processing AP-105 waste was 0.211 mmoles Ca/g 
dry CST, which is the highest Ca loading to-date for the analyzed spent CST samples. This aligns 
with AP-105 IX feed solution containing the highest Ca concentration (1.03×10-3 M Ca) relative 
to AW-102 and AP-107 tank waste feeds. Extensive batch contact tests with increasing Ca 
concentrations to 1.3×10-4 M had no effect on the Cs exchange selectivity or capacity at the 
nominal equilibrium tank waste supernate condition of 6.7×10-5 M Cs (Fiskum et al. 2020).  

3. A majority of Pb was removed from AP-105 IX feed and 0.027 mmoles Pb/g of dry CST was 
quantified on the lead column. The Pb concentration decreased incrementally through the lag to 
polish columns, 0.023 to 0.020 mmoles Pb/g dry CST, respectively. A similar observation was 
made for Fe partitioning, where nominally 0.015 mmoles/g was quantified on the lead column, 
followed by 0.011 and 0.008 mmoles/g on the lag and polish columns, respectively.  

4. Feed and effluent results indicated quantitative removal of Sr from AP-105 processing. Sr was 
quantified in the CST digestate solutions, with the concentration of Sr decreasing from lead to 
polish columns. The lead, lag, and polish concentrations were 2.00×10-3, 2.91×10-4, and 5.91×10-5 
mmoles Sr/g dry CST, respectively. The mass balance of Sr during processing increased to 108% 
when Sr quantified on the CST was included in the calculation.  

5. Interestingly, K was more uniformly distributed on the CST, with nominally 0.145 mmoles K/g 
dry CST quantified on all three columns. Of all the analytes reported, K was the only analyte of 
interest observed to follow this behavior. There is very limited data available in the literature 
regarding K exchange with CST; however, from this data, K uptake does not appear to follow Cs 
loading. 

6. Contrary to previous digestion results, there did not appear to be any leaching of CST 
components during AP-105 IX testing, as indicated by the near quantitative recovery for analytes 
comprising the CST framework (Campbell et al. 2020a). 

7. In comparison to the AP-107 and AW-102 digestion results, the AP-105 digestion results had 
significantly more Ca loaded on the lead column (0.221 mmoles Ca/g CST). This is likely not the 
reason for the steeper Cs load curve for AP-105, however, as Ca did not to compete with Cs for 
exchange sites in 4.6 M NaNO3/1.0 M NaOH (Campbell et al. 2020b).   
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Appendix A – Analytical Reports 

Samples were submitted to the Pacific Northwest National Laboratory Analytical Support Operations 
(ASO) laboratory according to Analytical Service Request (ASR) 1275. Analytical reports provided by 
ASO are included in this appendix. In addition to the analyte results, they define the procedures for 
analysis, as well as quality control sample results, observations during analysis, and overall estimated 
uncertainties.  
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