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Abstract 18 

Ion exchange (IX) resins are used in pump-and-treat (P&T) facilities to remove soluble 19 

groundwater contaminants. However, natural anions present at concentrations orders of magnitude 20 

higher than contaminants can compete for IX sites and impact resin lifecycles. Here, the Hanford 21 

Site’s 200 West Area P&T facility (Washington State, USA) was selected as a case study because 22 

it currently uses two IX resins: Purolite® A532E (A532E) to remove pertechnetate (TcO4
-) and 23 

DOWEX 21K (DOWEX) to remove uranium from groundwater. Nitrate (NO3
-), sulfate (SO4

2-), 24 

chloride (Cl-), and carbonate (CO3
2-) anions have been identified to potentially compete for A532E 25 

and DOWEX IX sites. Hanford-relevant anion groundwater concentrations were used to design a 26 

series of laboratory-scale batch experiments to evaluate the impact of competing anions on resin 27 

performance and potential kinetic effects. These data are then modeled to obtain Cl--normalized 28 

equilibrium exchange coefficients (K) needed to predict IX resin performance. The work is 29 

presented in two parts, with IX performance evaluated for A532E in Part I and DOWEX in Part 30 

II. Part I results demonstrate that TcO4
- uptake is not impacted by NO3

-, SO4
2-, Cl-, CO3

2- (as HCO3
-31 

) and U(VI) carbonate anions, with KTcO4-/Cl- >4000, likely due to the high selectivity of A532E 32 

trihexylammonium sites for the large, weakly hydrated TcO4
- anion. Other anion K values were 33 

KNO3-/Cl- = 20, KSO42-/Cl- = 0.2, KHCO3-/Cl- = 0.09, KU/Cl- = 370 – 1000. These K values provide 34 

conservative parameters for predicting A532E performance, and demonstrate that, under these test 35 

conditions, A532E will remove TcO4
- from current and future influent streams to meet 36 

groundwater treatment objectives. 37 
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 40 

Highlights: 41 

- Targeted batch experiments quantify Purolite® A532E site-specific anion selectivity. 42 

- TcO4
- uptake by A532E unaffected by groundwater anions NO3

-, SO4
2-, HCO3

- and Cl-. 43 

- U(IV) uptake by A532E does not impact TcO4
- uptake. 44 

- Derived anion equilibrium exchange coefficients for predicting A532E performance. 45 

46 



1 Introduction 47 

This work aims to reduce the uncertainty associated with the influence of changing groundwater 48 

chemistry on ion exchange (IX) resin performance for the removal of radionuclides from 49 

contaminated groundwater. Equilibrium IX coefficients (NO3
-/Cl-, HCO3

-/Cl-, TcO4
-/Cl-, and U/Cl-

 50 

with U as UO2(CO3)3
4-) are determined for Purolite A532E (Part I) and DOWEX 21K (Part II) IX 51 

resins as a first step to providing a technical basis for future recommendations to optimize 52 

groundwater treatment operations, e.g., resin treatment vessel configurations. While this work 53 

focused on assessing thermodynamic effects driving IX equilibria with these resins, a preliminary 54 

evaluation of IX kinetics was also conducted.  55 

Pump-and-treat (P&T) technology for treating groundwater containing dissolved contaminants 56 

(e.g., industrial solvents, metals, radionuclides, and fuel oils) involves pumping groundwater from 57 

a network of extractions wells to an above-ground treatment system for contaminant removal prior 58 

to re-injection into the subsurface [1]. This approach is commonly used to hydraulically control 59 

and/or reduce contaminant concentrations to an acceptable regulatory level [2]. One treatment 60 

method by which contaminants are removed from solution in a P&T facility uses IX resins.  61 

A detailed review of the history, development, and different types of IX resins is provided 62 

elsewhere [3], and a brief summary is given here. IX is a reversible chemical reaction in which 63 

ions in the resin exchange for different ions in solution. IX resins are insoluble polymer beads with 64 

an open network structure designed to allow ions to pass through, but the selectivity for specific 65 

ions is governed by the nature of IX functional groups. Most commercial IX resins are based on a 66 

stable copolymer of styrene and divinylbenzene that is functionalized with exchange sites attached 67 

to the copolymer backbone. There are two primary classes of IX resins that specifically target 68 

anions: (i) weak base anion resins, functionalized with primary (R-NH2), secondary (R-NHR'), or 69 

tertiary (R-NR'2) amine groups that only sorb strong acids with a limited exchange capacity above 70 

pH 7.0; and (ii) strong base anion (SBA) exchange resins, functionalized with quaternary 71 

ammonium groups (Figure 1) that are ionized and can be used over a broad pH range. Two types 72 

of quaternary ammonium groups are used in SBA resins: Type I sites have three methyl groups 73 

(trimethylamine) and Type II sites have one of the methyl groups replaced with an ethanol group 74 

(dimethyl-ethanolamine). Type I resins have greater stability and remove more weakly ionized 75 

acids, but are often single-use resins as their regeneration requires strong brine solutions, whereas 76 

Type II resins have greater regeneration efficiency. In addition, the internal structure of the resin 77 

can vary from gel resins with higher working capacity that do not show porosity in the dry state, 78 

to macroporous resins that are two-phase materials with high internal surface area, even in a dry 79 

state. 80 

IX resins can be designed to target specific contaminants based on ion properties such as size, 81 

charge, and therefore hydration energy. However, targeted contaminant remediation is often 82 

complicated by complex and changing groundwater chemistries where abundant natural ionic 83 

species compete with the contaminant of concern for available IX sites. Such competing processes 84 

have the potential to impact the efficacy of IX resins in a P&T facility. Predicting the behavior of 85 

IX resins in the presence of multiple competing ions requires a fundamental understanding of ion 86 



selectivity under the geochemical conditions specific to the groundwater remediation area.  87 

At the U.S. Department of Energy’s Hanford Site, a former plutonium production site in 88 

southeastern Washington State (USA), groundwater in the Central Plateau (also called the 200 89 

Area) is contaminated with radioactive uranium (U), present as anionic uranyl (U(VI)O2
2+) 90 

carbonate complexes, and technetium-99 (Tc-99), present as anionic pertechnetate, Tc(VII)O4
-. 91 

The 200 West Area (200W) P&T facility is currently using IX resins to treat U and Tc-99. The IX 92 

resins are not regenerated when spent and are disposed of on site in the Environmental Restoration 93 

Disposal Facility. 200W P&T facility operations rely on two Type I SBA polystyrene-94 

divinylbenzene gel resins to treat groundwater influent: (i) Purolite® A532E (A532E), with 95 

bifunctional quaternary amine (triethylammonium and trihexylammonium) functional groups, to 96 

remove large, weakly hydrated anions such as TcO4
- [4-10]; and (ii) DOWEX 21K (DOWEX), 97 

with trimethylammonium functional groups, to remove U carbonate species (Figure 1) [11]. The 98 

200W P&T system consists of two treatment trains in series with three IX vessels in each train in 99 

a lead-lag-polish configuration. The three-vessel configuration is a conservative design that 100 

provides the opportunity to operate the lead vessel to exhaustion because the lag and polish vessels 101 

capture any contaminant that bleeds through the lead vessel (Figure S1) [12]. In the current 102 

configuration, the DOWEX removes U first, then A532E removes Tc-99; however, future 103 

operations may change this configuration placing the A532E train first. The incoming water 104 

volume and characteristics are different for the two treatment trains, with the U influent tank (Y10) 105 

receiving water from a perched water zone, the 200 East Area, and the UP-1 operable unit in 200W, 106 

and the Tc-99 influent tank (Y20) receiving water from two additional operable units in 200W 107 

(Figures S1 and S2). This study is presented in two parts, A532E performance for the removal of 108 

Tc-99 is evaluated here in Part I and the performance of DOWEX for the removal of U will be 109 

evaluated in Part II.  110 

Groundwater is extracted from multiple operable units (OUs) and blended in Tank Y20 to form 111 

the influent stream to the Tc-99 IX columns (Figure S1 and S2). Table 1 shows the composition 112 

of the blended groundwater; Tc-99 concentrations exceed the regulated maximum contaminant 113 

level of 900 pCi/L for beta-emitters [13]. The Tc-99 IX treatment train removes Tc-99 from 114 

contaminated groundwater to achieve a treated effluent target Tc-99 concentration of 60% (or 540 115 

pCi/L) of the final cleanup level under normal operations [12]. Valenta and colleagues reported 116 

Tc-99 partition coefficient (Kd) values of >19,300 mL/g for A532E in deionized water [10]. 117 

However, Tc-99 is typically co-located with other groundwater anions, including sulfate (SO4
2-) 118 

and nitrate (NO3
-, Figure S2), with concentrations varying over orders of magnitude (Table 1) [12, 119 

14, 15]. Weakly hydrated NO3
- is particularly competitive for the IX sites in A532E. Recent 120 

characterization of spent Purolite A530E resin (the microporous form of A532E), used for 121 

treatment in the 200W P&T facility for 4 years, confirmed that accumulation of NO3
- and other 122 

competing anions accounted for a significant fraction of the total resin anion exchange capacity 123 

[5, 11]. Analysis of spent resin from the lead column (Figure S1) showed that Tc-99 accounted for 124 

~ 0.03% of the theoretical total capacity, whereas NO3
- and SO4

2- accounted for 79% and 6% of 125 

the resin capacity, respectively [5]. Over the 4 years that the A530E resin was in use at the 200W 126 

P&T facility, concentrations of NO3
- and SO4

2- in Tank Y20 were approximately 71 and 52 mg/L, 127 

respectively, which is approximately 3 × 106 and 5 × 105 times higher than the  Tc-99 128 



concentration, based on molar ratios [5]. Despite these conditions, the Tc-99 concentration in the 129 

effluent from the lead column remained below 900 pCi/L for 3 years. Once the Tc-99 concentration 130 

in the effluent from the lead column exceed 900 pCi/L, the lag and polish columns removed the 131 

remaining Tc-99 to <540 pCi/L and the A530E in the lead column was replaced. In their work on 132 

uptake of the weakly hydrated, monovalent perchlorate anion (ClO4
-), which has similar properties 133 

with TcO4
- and is also selectively removed by A530E, Gu et al. (2005) measured a decrease in the 134 

Kd value for ClO4
- in the presence of increasing SO4

2-, with the Kd decreasing from 375,100 mL/g 135 

([SO4
2-] = 9.61 mg/L) to 180,400 mL/g ([SO4

2-] = 961 mg/L) after 24 hours sorption [9]. Although 136 

Gu et al. (2005) did not test TcO4
-, it is expected to show similar behavior to ClO4

-, suggesting that 137 

the presence of SO4
2- may decrease TcO4

- uptake by A532E resin. 138 

A532E may also have exchange capacity for U(VI) carbonate complexes based on the A530E 139 

work by Gu and others, where A530E sorption affinity and capacity for removing stable 140 

UO2(CO3)2
2- and UO2(CO3)3

4- in simulated groundwater with variable SO4
2- concentration (9.61 141 

to 961 mg/L) was evaluated [9]. Under the conditions used in the Gu et al. study, A350E removed 142 

U(VI) efficiently, with high partitioning coefficients (up to 600,000 mL/g) and > 99% sorption, 143 

even in the presence of competing SO4
2- anions. Analysis of the spent resin from the 200W P&T 144 

facility also revealed that U was taken up by A530E and present at concentrations approximately 145 

half that of Tc-99 [5]. Thus, any U(VI) that bleeds through the DOWEX vessels could be removed 146 

downstream by A532E, and potentially compete with TcO4
- for IX sites (Figure S1). This 147 

consideration is even more important if the A532E train is placed in front of the DOWEX train in 148 

future facility operations. As such, this study evaluates the influence of competitive effects of U 149 

and CO3
2- (present as HCO3

-) on TcO4
- uptake by A532E resins.  150 

1.1 Influence of changing groundwater chemistry on IX resin performance 151 

The extent to which groundwater and co-contaminant anions compete with Tc-99 for IX sites on 152 

A532E depends on the chemical composition of the influent stream to the 200W P&T facility, 153 

which varies with the location of the extraction wells across the Hanford Site (Figure S2). Anion 154 

concentrations in the influent to the Tc-99 IX columns (Tank Y20) can vary significantly over a 155 

12-month period (Table 1). Changes in P&T influent groundwater, such as increases in competing 156 

natural anions and/or co-mingled contaminants, may result in increased competition for IX sites 157 

on A532E and decrease Tc-99 removal performance. There are limited published data describing 158 

the partitioning of these potentially competing groundwater anions and co-contaminants between 159 

the resin and the aqueous phase under conditions relevant to current and future groundwater 160 

remediation at the 200W P&T facility. Here, a series of binary and multicomponent batch 161 

experiments were conducted to determine the selectivity of A532E for different ions [e.g., TcO4
-
, 162 

U(VI) carbonate species, SO4
2-, NO3

-, Cl-, and HCO3
-] and the potential competitive effects that 163 

these species have on TcO4
- removal by A532E. The batch experiments were not designed to 164 

replicate the composition of the groundwater influent, but instead to probe the effect of individual 165 

anions over a range of concentrations that represent current and future groundwater influent 166 

compositions to the 200W P&T facility. These results can then be used as a training set to generate 167 

a thermodynamic model for predicting A532E resin performance as a function of changes in 168 

influent composition. In IX models, the ion removal mechanism is often considered as a simple 169 



electrostatic interaction. However, this work considers other factors that can significantly impact 170 

the thermodynamics and kinetics of IX reactions, including (i) the hydration energy of the 171 

exchangeable ions; (ii) the size and nature of counterions; (iii) the types of functional groups on 172 

the resin; and (iv) the occurrence of competing sorption reactions [9]. The equilibrium exchange 173 

coefficient (K) values (reported for ion pairs NO3
-/Cl-, HCO3

-/Cl-, TcO4
-/Cl-, and UO2(CO3)3

4-/Cl-174 

) calculated from these batch sorption data will be used generate a thermodynamic model for 175 

predicting A532E performance. As kinetic effects can play an important role in Tc-99 uptake 176 

efficiency under the dynamic conditions in the IX vessels at the 200W P&T facility, a future study 177 

will evaluate IX performance under flow conditions. Column experiments will be conducted, 178 

firstly with a synthetic groundwater containing the anions included in the batch experiments 179 

performed here, and then secondly with actual groundwater from the 200 Area, with the batch-180 

derived K values used in flow and transport modeling to fit Tc-99 breakthrough data. The model 181 

will be optimized to account for both thermodynamic and kinetic effects, then ultimately scaled 182 

up to provide operational feedback to the 200W P&T facility, and to inform future resin treatment 183 

train design for optimization of both U and Tc-99 removal.  184 

 185 

2 Materials and Methods 186 

2.1 Materials.  187 

The Purolite® A532E resin (A532E) is a Type I SBA with a gel polystyrene polymer structure 188 

crosslinked with divinylbenzene and functionalized with quaternary ammonium sites (tri-n-189 

hexylamine/tri-n-ethylamine). The A532E resin has the appearance of spherical beads (0.650 ± 190 

0.050 mm in diameter) and in the Cl- form has a reported total capacity of ≥0.6 eq/L by the 191 

manufacturer [4]. Prior to use in batch experiments, A532E resin beads were pre-conditioned 192 

with 1 M NaCl to maximize loading capacity. Resin stripping experiments were used to measure 193 

the actual total exchange capacity for the pre-conditioned resins, and results show that the total 194 

exchange capacity for Cl- loaded A532E resin is 1.12 meq/g dry resin. When normalized to the 195 

mass of wet resin, the total exchange capacity, 0.48 meq/g wet resin, is similar to the 196 

manufacturer reported value. The pre-conditioned A532E resin was also used to measure the 197 

average resin moisture content, which ranged from 54 – 60 wt% depending on the batch of pre-198 

conditioned A532E resin used for a specific experiment. Experimental details for resin pre-199 

conditioning, stripping, and moisture content measurements are provided in the supporting 200 

information (SI). 201 

2.2 Solution Preparation for Batch Experiments.  202 

All anions (except for Tc-99 and U) were added as a sodium salt in double deionized water 203 

(DDI), e.g., Cl- as NaCl, CO3
2- as Na2CO3, NO3

- as NaNO3, and SO4
2- as Na2SO4

 (Table 2). 204 

Uranyl chloride trihydrate (UO2Cl2·3H2O, International Bio-Analytical Industries) and 205 

ammonium pertechnetate (NH4TcO4, synthesized in house) were used to prepare 11.6 and 20 206 

mg/L stock solutions, respectively, in DDI. The experiment matrix and target concentrations for 207 

Cl-, CO3
2-, NO3

-, SO4
2-, Tc-99, and U used for each batch sorption experiment are provided in 208 



Table 2. A range of solution-to-solid ratios was selected so that the resin would be at 10% – 90% 209 

in the form of the contaminant of interest, and the change in solutions concentrations would be 210 

larger than the uncertainty in the analysis; a single stock solution was used for these experiments 211 

(Tests A, B, D, E, I, K, and Q). For the remaining experiments with variable concentrations of 212 

Cl- (Tests C and J), NO3
- (Tests F – H and S), and SO4

2- (L – N and R), solutions of 2 M Cl-, 2 M 213 

NO3
-, and 1 M SO4

2- were made in DDI and spiked into individual experiments to achieve the 214 

target concentrations. The target concentrations NO3
- and SO4

2- were chosen to span the range of 215 

concentrations expected for these analytes in Tank Y20, with the range of Cl- concentrations 216 

chosen to represent the total dissolved solids expected [12]. For U and Tc-99 experiments, a 2-217 

mL spike of 20 mg/L Tc-99 and/or a 2-mL 11.6 mg/L U stock solution were added to individual 218 

experiments to reach the target Tc-99 and/or U concentrations of 200 and 116 µg/L, respectively. 219 

The U and Tc-99 concentrations used here are up to two orders of magnitude greater than the 220 

average concentrations expected to be present in the new influent streams from the 200 East 221 

Area to allow for better analytical detection of competing anion/contaminant effects on A532E 222 

uptake. Prior to addition of the conditioned A532E, the pH was adjusted to 7.4 +/- 0.1 (selected 223 

based on the pH of the influent stream to the 200W P&T facility) using diluted HCl or NaOH 224 

following the addition all chemicals, and then allowed to equilibrate overnight. On the day of 225 

testing, the pH was further adjusted (if needed) and conditioned A532E was added immediately.  226 

2.3 Batch Sorption and Kinetics Experiments.  227 

All batch sorption experiments are outlined in Table 2, were performed in duplicate, and 228 

conducted in 250-mL high-density polyethylene (HDPE) bottles. The solution volume was 229 

maintained at 200 mL and the mass of A532E was adjusted for experiments that assessed NO3
-, 230 

SO4
2-, CO3

2- (speciation in solution HCO3
-), TcO4

-, and/or U(VI) uptake as a function of 231 

solution-to-solid ratio (e.g., 50 mL/g used 4 g of dry resin, 100 mL/g used 2 g of dry resin, etc.). 232 

The amount of conditioned A532E added to reach the target solution-to-solid ratio was 233 

determined according to the dry resin weight, with the actual mass added dependent on the 234 

moisture content. Immediately following resin addition, the pH was measured, and the bottles 235 

were placed on a shaker at 125 rpm for 72 hours to account for kinetic effects and ensure that the 236 

IX reaction reached equilibrium, as demonstrated in the kinetics experiments. The combination 237 

of two differently sized trialkylammonium groups in A532E provides a balance between 238 

selectivity for sorption of large, poorly hydrated anions, e.g., TcO4
- (trihexylammonium groups), 239 

and faster kinetics facilitated by the more hydrophilic triethylammonium group (Figure 1) [16, 240 

17]. At the end of 72 hours, bottles were removed from the shaker and left undisturbed for 5 – 15 241 

minutes to allow the resins to settle out of solution. The final solution pH in each bottle was 242 

measured and then two 5-mL aliquots were filtered using a 0.45-μm syringe filter and used for 243 

Tc-99 and U quantification by inductively coupled plasma mass spectrometry (ICP-MS) and for 244 

anions by ion chromatography (IC). Carbonate uptake was calculated as the milliequivalent 245 

difference in Cl- released, as measured by IC, also accounting for other measured anions 246 

removed from solution of known charge. The carbonate uptake from experiments containing 247 

U(VI) complexes could not be calculated because the exact charge of the UO2
2+ species could 248 

not be absolutely determined. Aliquots for ICP-MS analysis were acidified with 2% HNO3 to 249 

stabilize the metals in solution. The reported ICP-MS method limits of detection for Tc-99 250 



ranged from 0.037 to 0.74 µg/L, and for U from 0.152 to 1.52 µg/L. IC method detection limits 251 

for Cl (0.067 – 6.7 mg/L), NO3
- (0.066 - 23 mg/L), and SO4

2- (0.108 - 50.5 mg/L) ranged 252 

according to the dilutions required to analyze the samples.  253 

The details above apply to both batch sorption and kinetics testing; however, there are several 254 

differences for the kinetics experiments. First, 2-mL aliquots (rather than 5 mL to ensure that the 255 

solution volume was maintained within 10%) for U and Tc-99 analysis were collected from the 256 

same bottle at 0, 0.50, 1, 2, 4, 8, 24, 48, and 72 hours. Measurements of pH were collected at the 257 

same time points following the aliquot collection. Lastly, no aliquot was collected for IC for the 258 

kinetic experiments. 259 

The experimental precision of these batch experiments is estimated to be +/-5% and is based on a 260 

combination of replicate determinations, volumetric error, and analytical measurement variance. 261 

The primary source of error occurs during sample preparation and is reflected in the average 262 

solution:solid ratio (mL/g) and standard deviation determined from all A532E experiments with 263 

a target solution:solid ratio of 200 mL/g (98 data points), which is 201 ± 11 mL/g of dry resin.  264 

Adsorption Isotherm Models. The ICP-MS and IC results were used to construct sorption 265 

isotherms that were fit using a Freundlich adsorption model, as it describes sorption systems 266 

possessing dissimilar binding sites. The Freundlich adsorption model is shown in Equation 1  267 

[18]: 268 
 269 

qe = Kf Ce
n Equation 1 

 270 

where qe is the anion equilibrium sorption capacity (in meq/g), Ce is the equilibrium anion 271 

concentration (in mM), and Kf and n are the adsorbate and resin fitting constants.  272 

2.4 Geochemical Modeling Software 273 

Two geochemical codes were used to simulate solution speciation and resin behavior.  274 

Speciation of anions in solution present at thermodynamic equilibrium was simulated with 275 

Geochemists Workbench (GWB 12.0.7, www.gb.com) [19], generating speciation plots. 276 

Calculations were performed using the thermodynamic database file thermo.com.V8.R6+.dat 277 

that is supplied with GWB, but augmented with selected data from the Organization for 278 

Economic Co-operation and Development/Nuclear Energy Agency-Thermochemical Database 279 

Project [20-22]. All models were built for temperature of 25 °C and pressure of 1 atm, at the 280 

equilibrium with 0.04% (vol.) (or 400 ppm) of CO2 and 21% (vol.) of O2 in the atmosphere. 281 

HYDROGEOCHEM is a mechanistic-based numerical model for subsurface coupled fluid-flow 282 

and multicomponent reactive transport that was used to calculate anion equilibrium exchange 283 

coefficients (K) [23]. The reactive chemistry in HYDROGEOCHEM is solved using 284 

BIOGEOCHEM [24, 25], which implements a new paradigm of reaction-based approaches to 285 

simulate biogeochemical processes with mixed equilibrium and kinetic reactions. 286 

BIOGEOCHEM was used to model the batch IX experiments, using the Gaines-Thomas 287 

convention, which uses an equivalent fraction for activity of the exchangeable ions. To 288 

determine anion K values, an ensemble of simulations was run given a range of K based on a 289 

http://www.gb.com/


one-site model for anion pairs in the following order for A532E: NO3
-/Cl- (or SO4

2-/Cl-), HCO3
-290 

/Cl-, TcO4
-/Cl-, then UO2(CO3)3

4-/Cl-, once the K for each of the other ion pairs were 291 

independently determined.  292 

For the following IX reaction between Cl- and SO4
2-: 293 

(Cl – X) + ½SO4
2- ↔ Cl- + ½(SO4

 – X2) 294 

the equilibrium exchange coefficient, K, is calculated as defined in Equation 2 [19, 23].  295 

 296 

𝐾𝑆𝑂4/𝐶𝑙 =
{𝑆𝑂4 − 𝑋2}{𝐶𝑙−}

{𝐶𝑙 − 𝑋}{𝑆𝑂4
2−}0.5

 

 

Equation 2 

where KSO4/Cl is the equilibrium coefficient for SO4
2- exchanging parent Cl- sites on the resin, X 297 

is the total number of positively charged exchange sites [where SO4
2- requires two exchange sites 298 

per anion (X2) and the model does not differentiate between two different IX sites], and the 299 

brackets { } represent activities calculated within the HYDROGEOCHEM model as a function 300 

of anion concentrations. 301 

The K value that minimized the root mean square error (RMSE) of the model fit to the range of 302 

experimental data evaluated is reported. The RMSE is calculated as follows: 303 

𝑅𝑀𝑆𝐸 =  √∑
([𝐶𝑒]𝑀 −  [𝐶𝑒]𝐸)2

𝑛
 

 

Equation 3 

Where [Ce]M is the model predicted concentration (in mM, or µM for Tc-99 and U) of an anion 304 

in solution after the batch contact experiments, [Ce]E is the experimentally determined anion 305 

solution concentration after the batch contact experiment, and n is the number of datapoints used 306 

to calculate K. Note, that the RMSEs reported are not an indication of goodness of fit and for 307 

different anions should not be compared as the number of data points and datapoints representing 308 

measurable concentrations (those that fall above instrument limits of detection) are often 309 

different. 310 



3 Results and Discussion  311 

3.1 Solution speciation modeling 312 

The anion nature and hydration energy, which is a function of its size and charge, have a 313 

significant impact on the thermodynamics and kinetics of IX reactions [16]. Thus, the solution 314 

speciation of NO3
-, SO4

2-, CO3
2-, Tc-99, and U under the experiment conditions was established 315 

prior to evaluating uptake by A532E in batch sorption experiments. Anion speciation was 316 

modeled with GWB as a function of pH or concentration of major anion of interest, i.e., NO3
- or 317 

SO4
2-, under the aqueous conditions of Test G for the NO3

- system and Test N for the SO4
2- 318 

system. The Tc-99 present in Test H did not impact other anions’ speciation. Tc-99 was present 319 

as TcO4
- under all conditions tested. Figure S3 in the SI shows that no speciation changes 320 

occurred for CO3
2-, UO2

2+, NO3
-, and TcO4

-. Carbonate speciation diagrams (Figure S3A and D) 321 

indicate that, under the circumneutral pH experiment conditions, bicarbonate (HCO3
-) is the 322 

dominant anionic species in the solution. UO2
2+ was predominantly present as uranyl 323 

tricarbonate (UO2(CO3)3
4-) above ~pH 6.3 irrespective of NO3

- or SO4
2- concentration. The pH 324 

dropped below 6.3 in Tests B and I, but CO3
2- and U were not added to solutions in these 325 

experiments. Based on speciation modeling, U loading on resin calculated and reported in Tables 326 

S2 and S3 assume a quadrivalent charge for UO2(CO3)3
4- and a monovalent charge for HCO3

-. 327 

All anions, except for Tc-99 and U, were added with sodium (Na+) as the cation, which does not 328 

change the speciation of UO2(CO3)3
4- under these experimental conditions. 329 

3.2 Binary sorption isotherms 330 

Sorption isotherms for HCO3
-, NO3

-, and SO4
2- are presented as fractional loading (qe in meq/g 331 

dry resin) normalized to total resin exchange capacity (qt), vs. equilibrium analyte concentration 332 

(Ce) to compare the affinity of the A532E resins for these anions (Figure 2). The qt for Cl- on 333 

A532E was determined to be 1.12 meq/g dry resin using the resin stripping procedure detailed in 334 

the SI, but in batch sorption experiments, NO3
- loadings of up to 1.70 meq/g dry resin were 335 

obtained (Table S2, Test B). The fractional loadings (qe) in the batch sorption experiments are 336 

calculated from the concentration of ions removed from solution, whereas the qt for Cl- is 337 

calculated from the concentration of ions remaining on the resin after loading and rinsing, thus, 338 

the qe is likely to be higher. The qe determined in the batch sorption experiments is the result of 339 

equilibration between the solution and the solid phase, and is more influenced by solution 340 

feedback resulting in higher values for anions that become more tightly bound to the IX sites due 341 

to their size, charge and/or hydration state, e.g. NO3
- and TcO4

-. As previously reported for 342 

microporous A530E, the lipophilic trihexylammonium sites on these resins preferentially remove 343 

more weakly and moderately hydrated anions. Since NO3
– has a Gibbs free energy of hydration 344 

(ΔGhyd) of  -306 kJ/mol, it has a greater affinity for the trihexylammonium sites than Cl- (ΔGhyd 345 

=-347 kJ/mol) resulting in a higher qe than the qt value determined using the resin stripping 346 

procedure [5]. Therefore, the highest experimentally determined qe value (1.70 meq/g dry resin 347 

from the results of Test B) was used as qt to calculate equilibrium exchange coefficients with the 348 

HYDROGEOCHEM numerical-modeling approach discussed in later sections.  349 

A532E also removed SO4
2- from solution in the absence of additional Cl- (Figure 2D, Test I), but 350 



the highest qe (1.56 meq/g dry resin) was less than that for NO3
- (1.70 meq/g dry resin) (Figure 351 

2C). The removal of SO4
2- from solution by A532E was suppressed in the presence of Cl- 352 

because SO4
2- has a much greater hydration energy (ΔGhyd =-1090 kJ/mol), therefore the 353 

hydrophobic long-chain alkyl groups in A532E preferentially remove anions in the order NO3
–  > 354 

Cl- > SO4
2- [16]. 355 

A Freundlich adsorption model, describing sorption systems with dissimilar binding sites, gave 356 

the best fit to the HCO3
-, NO3

-, and SO4
2- isotherms for A532E (Figure 2B and D) [18]. Linear 357 

fits of the experiment data were obtained for HCO3
- and NO3

- at low- to mid-range resin 358 

loadings, but the data deviate from the linear trend above ~70% loading of the resin. These 359 

results are consistent with previous observations for A530E, the macroporous analog of the gel 360 

A532E, whose sorption behavior could also be described by a Freundlich isotherm model [5].  361 

Given the high exchange capacity of A532E, it was necessary to determine a target concentration 362 

of Cl- to use as a background electrolyte in Tests D – H and Tests K – S, such that changes in 363 

uptake of the bulk groundwater anions of interest, NO3
- and SO4

2-, would be measurable. 364 

Chloride was chosen as a background electrolyte because it is a common groundwater anion and 365 

will compete with NO3
- and SO4

2- for anion exchange sites at sufficient concentrations. The 366 

uptake of NO3
- (Test C) and SO4

2- (Test J) as a function of background Cl- concentration was 367 

therefore evaluated to identify a target Cl- concentration where NO3
- and SO4

2- uptake fell within 368 

the desired range of 20% – 80% (Table 2). Sorption of both NO3
- and SO4

2- was suppressed upon 369 

addition of Cl-, with a corresponding decrease in effective loading (Figure 3). However, the 370 

effective loading of SO4
2- decreased more than that of NO3

-, e.g., at high Cl- concentrations (200 371 

mM), the loading of NO3
- on A532E remained relatively high (~ 20%), while SO4

2- loading was 372 

< 5%.  373 

Based on the Cl--dependent NO3
- sorption isotherm (Figure 3), a 50-mM (1768-mg/L) Cl- 374 

concentration was chosen as the target background electrolyte concentration to achieve NO3
- 375 

uptake of 57% (Table S1). This Cl- concentration was chosen as a background electrolyte to give 376 

optimum NO3
- uptake, not to represent groundwater concentrations, but it does correspond to the 377 

highest total dissolved solids concentration (1873 mg/L) in the 200W P&T remediation area, 378 

which was measured in a perched water zone [12]. For consistency, 50 mM Cl- was used as the 379 

background electrolyte concentration for all NO3
- and SO4

2- experiments, even though SO4
2- 380 

uptake at 50 mM Cl- was only 11% (Table S2).  381 

Test D for NO3
- and Test Q for SO4

2- were used to determine the NO3
- and SO4

2- sorption 382 

isotherms for A532E in the presence of the target Cl- concentration (50 mM) as a function of 383 

solution-to-solid ratios ranging from 50 – 1000 mL/g dry resin (Figure 2D). For NO3
-, uptake 384 

was 25% – 89% and qe was 0.14 – 0.77 meq/g. For SO4
2-, uptake was 1% – 35% and qe was 0.07 385 

– 0.14 meq/g. The Freundlich adsorption model adequately described the IX behavior for NO3
- 386 

(Figure 2D), but the limited uptake of SO4
2- resulted in a poor fit to the data. 387 

3.3 Multicomponent sorption isotherms 388 

The uptake of NO3
-, SO4

2-, Tc-99, and/or U by Purolite A532E resin was evaluated in the 389 

presence of Cl- (50 mM) using a series of sorption isotherms, each systematically building in 390 



complexity to identify competition among the anions for uptake. The sorption isotherms are 391 

shown for NO3
- (Figure 4) and SO4

2- (Figure 5). The change in pH relative to a blank solution 392 

without resin, contaminant loadings (qe), equilibrium anion aqueous concentration (Ce), and 393 

percent uptake are summarized in the SI (Tables S1 and S2).  394 

Multicomponent experiments containing NO3
-. In Test E, NO3

- uptake was evaluated after adding 395 

carbonate (10 mM) to the background electrolyte (50 mM Cl-). A small but systematic decrease 396 

in NO3
- loading was observed (Figure 4A) when comparing Test E to Test D (no HCO3

-), with 397 

NO3
- qe values decreasing by up to 0.08 meq/g. The NO3

- sorption isotherm for Test F with Cl- 398 

(50 mM) and TcO4
- (2 µM) overlaps with the isotherm for Test D without TcO4

-, suggesting that 399 

NO3
- uptake is the same with or without micromolar concentrations of Tc-99 (Figure 4A). The 400 

NO3
- isotherm for Test H in the presence of all anions of interest, Cl- (50 mM), carbonate (10 401 

mM), TcO4
-, (2 µM), and U (0.5 µM), was nearly identical to the NO3

- uptake for the solution 402 

matrix of Cl- (50 mM) and HCO3
- (10 mM) in Test E, and in the presence of TcO4

- (Test S) and 403 

U (Test G). These results highlight the high selectivity of A532E for NO3
-. 404 

Under these experiment conditions, Tc-99 is present as TcO4
- in solution and on the resin, as 405 

predicted by GWB modeling and confirmed by previous characterization of Tc-loaded A530E 406 

[5]. Uptake of Tc-99 was > 99% in all experiments (Tests F, H, L, N, R, and S) regardless of the 407 

presence of other potentially competing anions. This high selectivity of A532E (and A530E) for 408 

Tc-99 in the presence of competing ions has been reported previously [5, 26], and is due to the  409 

trihexylammonium exchange sites that are specifically designed to uptake the hydrophobic – 410 

weakly hydrated – TcO4
- anion. The uptake of TcO4

- by A532E was quantitative regardless of 411 

initial Cl- concentration or NO3
- concentration, which varied from 0 to ~ 20.3 mM. However, at 412 

the highest NO3
- concentrations in Test F (10 mM and 20 mM), there was a slight increase in the 413 

equilibrium aqueous Tc-99 concentration (Figure 4B). This suggests that, when the NO3
- loading 414 

is close to the total exchange capacity for A532E (1.1 – 1.7 meq/g) and the triethylammonium IX 415 

sites in the resin are occupied, NO3
- starts to compete with TcO4

- for the trihexylammonium IX 416 

sites that target poorly hydrated anions. This slight increase in TcO4
- Ce values at high NO3

- 417 

concentrations was mitigated when 10 mM CO3
2- was added to the system (in the absence of U), 418 

highlighting the importance of evaluating competitive effects (Test S). In Test H, with all anions 419 

of interest present, Cl- (50 mM), carbonate (10 mM), TcO4
-, (2 µM), and U (0.5 µM), TcO4

- 420 

uptake remained > 99%; however, a small but reproducible increase in the equilibrium solution 421 

TcO4
- concentration was observed (Figure 4B), suggesting that U has a slight impact on TcO4

- 422 

uptake. As in Test F, the equilibrium solution concentration of TcO4
- plateaued at low NO3

- 423 

loading on the resin and started to increase when NO3
- loading reached ≥ 1.07 meq/g, suggesting 424 

that HCO3
- and U do not compete for the trihexylammonium binding sites occupied by TcO4

- 425 

and NO3
- at high loading. 426 

U(VI) is present as the uranyl cation (UO2
2+), which coordinates with carbonate to form 427 

negatively charged UO2(CO3)3
4- complexes, the dominant species under these experiment 428 

conditions (Figure S3). Thus, uptake of HCO3
- by A532E could increase the resins’ affinity for 429 

U, but the high selectivity of A532E for NO3
- may counteract this effect. When U (0.5 µM) was 430 

introduced in Test G, the NO3
- isotherm was not significantly affected (Figure 4) and 431 



NO3
- loading (0.37 meq/g) was about equal to that for Test E with the same experiment 432 

conditions in the absence of U (0.38 meq/g). However, U uptake decreased from 92% in the 433 

absence of NO3
- to 67% at the highest initial NO3

- concentration (20 mM, 2010 ppm, Table S2). 434 

The addition of TcO4
- (Test H) further decreased the uptake of U in the presence of NO3

-, and 435 

increase in NO3
- concentration from 0 to 19 mM (1160 ppm) resulted in a decrease of U uptake 436 

from 92% to ~ 38%. The highly charged UO2(CO3)3
4- complex requires four available IX sites 437 

(presumably triethyl) on the resin and is outcompeted by high concentrations of monovalent 438 

NO3
-, which requires only one available site for IX. In addition, the increased NO3

- loading on 439 

the resin decreases the IX sites that are occupied by HCO3
-, resulting in an unfavorable 440 

coordination environment for UO2
2+ carbonate complexes. With NO3

- occupying the IX sites, the 441 

uptake of U becomes less energetically favorable as the binding energies for the UO2(CO3)n
(2n-2)- 442 

complexes are more negative (in Kcal/mol) than for the UO2(NO3)n
(n-2)- complexes [27]. It 443 

should be noted that NO3
- is a weak ligand and does not coordinate with UO2

2+ as evident from 444 

the thermodynamic GWB modeling (Figure S3B). This explains the decreasing trend in U uptake 445 

with increasing NO3
- concentration, as NO3

- replaces HCO3
- on the IX sites in A532E. The 446 

additional decrease in the uptake of U in the presence of Tc-99 (Test H) suggests that there is the 447 

potential for competition between these two contaminants for available IX sites when there are 448 

significant concentrations of other anions present in solution. However, given that the range of 449 

NO3
- concentrations tested here (0 – 1450 mg/L) is too high to be expected in subsurface 450 

contaminated plumes in general and exceeds the likely maximum NO3
- concentration that will be 451 

present in the blended influent stream to the 200W P&T facility, the risk of reaching competitive 452 

NO3
- concentrations during P&T operations is low.  453 

The binary equilibrium exchange coefficients (K) for A532E, calculated from the independent 454 

experiments using HYDROGEOCHEM, were determined to be KNO3-/Cl-, KHCO3-/Cl-, and KTcO4-/Cl- 455 

in Test H as 20, 0.09, and >4000, respectively. These K values indicate where agreement 456 

between model predicted anion Ce values and experimentally measured anion Ce values 457 

produced the lowest RMSE value. These coefficients were then fixed to estimate KU/Cl- assuming 458 

UO2(CO3)3
4- as the exchanged anion. The best estimate of KU/Cl- using combined data from Test 459 

G and Test H is 500 and suggests that Tc-99 will out-compete U for uptake 8:1 (KTcO4-/Cl-/ KU/Cl-) 460 

when both contaminants are present with high concentrations of other anions. The comparison 461 

between the observations and the simulated results is shown in Figure 6 (Test G and Test H). 462 

Multicomponent experiments containing SO4
2-. The batch sorption experiments conducted with 463 

SO4
2- are summarized in Figure 5 and Table S3. Tests K and Q were conducted to quantify SO4

2- 464 

uptake in presence of HCO3
- and Cl-, and Cl- only, respectively. A slight decrease (0.01 – 0.07 465 

meq/g) in the SO4
2- equilibrium sorption capacity occurred when HCO3

- was present in addition 466 

to Cl-. In the presence of TcO4
-, Cl- and HCO3

- (Test R) and U (Test N), the SO4
2- equilibrium 467 

sorption capacity (0 – 0.29 meq/g) was the same +/- 0.01 meq/g. However, the SO4
2- equilibrium 468 

sorption was higher with only Tc and Cl- present (Test L), highlighting that HCO3
- outcompetes 469 

SO4
2- for IX sites on A532E. The results in Test M, with U, HCO3

-, and Cl-, were similar to the 470 

results from Test L up to 2 mM SO4
2- Ce, then plateaued at approximately qe = 0.29 meq/g 471 

compared to 0.44 meq/g at the highest SO4
2- concentration in Test L.  472 

As with the NO3
- multicomponent experiments, TcO4

- uptake in the SO4
2- experiments was still > 473 



99% even at SO4
2- concentrations up to 10 mM. This is in contrast to experiments performed by 474 

Gu et al. that found ClO4
- uptake by similar resin A530E decreased in the presence of elevated 475 

SO4
2- concentrations, and suggests that a direct inference of TcO4

- behavior and A532E resin 476 

performance based on ClO4
- and A530E results may not always be appropriate [9]. The apparent 477 

drop in TcO4
- Ce for Test L (Figure 5B) is due to a difference in ICP-MS detection limit (0.074 478 

ppb for Test L compared to 0.37 ppb for Tests N and R). At the highest SO4
2- concentration (10 479 

mM), U uptake decreased from 96% to 88% (Table S3), both in the presence (Test N) and 480 

absence (Test M) of Tc-99 (Figure 5D), suggesting that U uptake may continue to decrease at 481 

SO4
2- concentrations exceeding 10 mM.  482 

The binary equilibrium exchange coefficients (K) for A532E, calculated from the independent 483 

experiments using HYDROGEOCHEM, were used to determine KSO42-/Cl-, KHCO3-/Cl-, and KTcO4-484 

/Cl- in Tests M and N as 0.2, 0.09, and >4000, respectively. These coefficients were again fixed to 485 

estimate KU/Cl- assuming UO2(CO3)3
4- as the exchanged anion. The best estimate of KU/Cl- for Test 486 

M was 370, but increased to 1,000 in Test N, which suggests that Tc-99 will still out-compete U 487 

for uptake 4:1 (KTcO4-/Cl-/ KU/Cl-) when both contaminants are present with high concentrations of 488 

other anions. 489 

3.4 Batch Sorption Kinetics  490 

Kinetic experiments were conducted to confirm that the IX reaction had reached equilibrium 491 

over the time of the batch sorption experiments, and to determine the rate of contaminant uptake 492 

so that operating conditions for future column experiments could be optimized. Batch sorption 493 

experiments were conducted to determine the kinetics of Tc and U uptake by A532E from a 494 

solution containing NO3
- (19 mM), SO4

2- (5 mM), Cl- (50 mM), and CO3
- (10 mM) (Test T, 495 

Table 2) over 72 hours. Results suggest that the zero-order model provides the best fit for Tc-99 496 

(R2 = 0.812) uptake by A532E (Figure S4). Most of the Tc-99 was removed during the first 8 497 

hours, and equilibrium was reached after 24 hours. The rate constant (K) for zero-order reaction 498 

kinetics of removal of Tc-99 over the initial 8-hour period was calculated to be 26 µg/(g hr) 499 

(Figure S4B). The extent of Tc-99 uptake (> 99 %) after 72 hours in these kinetic experiments 500 

was comparable to that for Tc-99 uptake in the presence of NO3
- only (Test H, 0 – 19 mM) and 501 

SO4
2- only (Test N, 0 – 10 mM). The uptake of U in the presence of increasing NO3

- 502 

concentrations ranged from 92% – 38% (Test H), and the uptake of U in the presence of 503 

increasing SO4
2- concentrations ranged from 96% – 88% (Test N). Thus, when high 504 

concentrations of both NO3
- and SO4

2- are present in solution, as in Test T, the uptake of U is 505 

minimal, making it difficult to determine a rate order and constant.  506 

4 Conclusions 507 

The 200W P&T facility at the Hanford Site uses Purolite A532E resin in the IX system as it is 508 

specifically designed to target TcO4
- removal from the groundwater influent. This work assessed 509 

the impact of a broader range of influent chemistries on A532E resin performance to confirm 510 

that A532E will continue to remove TcO4
- under current and future facility operational 511 

configurations to meet groundwater treatment objectives after a planned expansion of the 200W 512 

P&T facility introduces additional groundwater contaminated with Tc-99 and U from beneath 513 

aging radioactive waste storage tanks. Physicochemical properties, including the nature of the 514 



ligand, the hydration energy, and the size and charge of the anion, significantly affect the 515 

thermodynamics and kinetics of the exchange reactions with A532E. A532E is a bifunctional 516 

resin and has two quaternary ammonium functional groups with different sizes of alkyl chain 517 

length grafted onto the resin backbone. The long alkyl chain of the trihexylammonium group 518 

increases the hydrophobicity and enhances selectivity for TcO4
-, whereas the triethylammonium 519 

group reduces steric congestion and facilitates faster uptake kinetics for poorly hydrated anions 520 

such as NO3
-
 and TcO4

- [28]. Based on the results of this work, the ability of A532E to remove 521 

TcO4
- from solution is not significantly impacted by the presence of Cl-, NO3

-, SO4
2-, and U over 522 

the concentration range tested, which represents the composition of current and future influent 523 

streams to the P&T. However, a slight increase in TcO4
- in the final solution at very high NO3

- 524 

loadings (≥ ~5 mM) may indicate that Tc removal (below 100%) could occur at high NO3
- 525 

concentrations, but these concentrations are not representative of groundwater conditions. 526 

Because A532E is selective for poorly hydrated NO3
-, HCO3

- is displaced from the IX sites by 527 

NO3
- at high NO3

- concentrations. This suppresses the uptake of U as UO2(CO3)3
4-, the dominant 528 

U species present under these conditions, as ligand exchange of CO3
2- for NO3

- is energetically 529 

unfavorable. Results demonstrate that U uptake by A532E decreases to as low as 38% in the 530 

presence of high concentrations of NO3
-. This has implications for resin treatment train 531 

configuration as, unlike in the current configuration with DOWEX 21K resins for U removal in 532 

the first vessels (Figure S1), future designs for the IX system have A532E in the first vessels. 533 

The influence of NO3
- concentration on U uptake by the A532E treatment train could result in a 534 

sudden increase in influent U concentration to the DOWEX 21K treatment train, which has the 535 

potential to impact IX resin performance.  536 

Models informed by these batch sorption results predict equilibrium exchange coefficients for 537 

A532E uptake of NO3
- (KNO3-/Cl- = 20), SO4

2- (KSO42-/Cl- = 0.2), carbonate as HCO3
- (KHCO3-/Cl- = 538 

0.09), Tc-99 as TcO4
- (KTcO4-/Cl- = >4000), and U as UO2(CO3)3

4- (KU/Cl- = 370 – 1000). Given the 539 

sensitivity of anion interactions to variations in aqueous chemistry, especially in multicomponent 540 

systems, these equilibrium constants provide conservative parameters for predicting A532E 541 

performance for removal of Tc-99 from groundwater in the P&T facility. Based on these batch 542 

equilibrium constants, it is predicted that A532E will remove TcO4
- from current and future 543 

influent streams such that effluent concentrations will meet groundwater treatment objectives, 544 

even in the presence of high concentrations of competing anions, NO3
-, SO4

2-, Cl-, and HCO3
-, 545 

and U(VI) carbonate as a co-contaminant. Future work will seek to confirm this prediction by 546 

optimizing the batch equilibrium IX constants to predict A532E performance under flow 547 

conditions. 1D column studies will be performed to further evaluate the degree to which kinetic 548 

effects, initially assessed here in batch experiments, affect A532E performance, with the batch-549 

derived K values used in flow and transport modeling to fit Tc-99 breakthrough data. The model 550 

will ultimately be scaled up to predict IX performance as a function of changes in groundwater 551 

influent chemistry at the 200W P&T facility.  552 
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 648 

Table 1. Composition of Tc-99 ion exchange (IX) influent stream, Tank Y20 [29]. 649 

Parameter/Type Units Average Std. Dev. 
Number of 

Measurements 

From 6/1/2020 through 

5/30/2021 

Y20 (Tc-99 influent) 

Technetium-99 pCi/L 1350 380 11 

Uranium µg/L 1.25 0.18 22 

Nitrate µg/L 115,000 10,000 12 

Sulfate µg/L 65,000 11,000 12 

Chloride µg/L 19,400 3,700 12 

From 6/1/2021 through 

5/30/2022 

Y20 (Tc-99 influent) 

Technetium-99 pCi/L 1230 140 12 

Uranium µg/L 1.71 0.37 24 

Nitrate µg/L 100,000 4,000 12 

Sulfate µg/L 57,200 8,800 12 

Chloride µg/L 18,200 2,200 12 

 650 

 651 

  652 



Table 2. Experiment matrix with target Cl-, CO3
2-, NO3

-, SO4
2-, Tc and U concentrations used in Cl- treated A532E resin batch 653 

sorption experiments. The starting solution pH before A532E addition was 7.4 ± 0.1. 654 

Test 

Solution:Solid 

Ratio (mL/g 

dry resin)* 

Cl- 

mM (ppm)& 

CO3
2- 

mM (ppm) 

NO3
- or SO4

2- 

mM (ppm)%,$ 

Tc-99 

(ppb) 

U 

(ppb) 
Test Objective 

A 52 – 1044  13 (459)** 10 (600) - - - Quantify only CO3
2- uptake 

NO3
- Experiments 

B 50 - 992 - - 3.3 (203) - - Quantify only NO3
- uptake 

C 201 – 203  
0.06 ‒ 205  

(2 - 7072) 
- 

3.2 – 3.4 

 (199 – 211) 
- - Evaluate NO3

- uptake as a function of [Cl-] 

D 51 - 1015 

57 – 73   

(2030 – 2600) 

- 3.0 (185) - - Quantify NO3
- uptake in the presence of optimal [Cl-]  

E 51 - 1006 10 (600) 3.0 (187) - - 
Quantify NO3

- and CO3
2- uptake in the presence of 

optimal [Cl-]  

F 199 – 201  - 
<0.02 ‒ 20.3 

(<1.32 – 1260) 
200 - 

Determine the effect of [NO3
-] on Tc-99 uptake in the 

presence of optimal [Cl-] 

G 200 10 (600) 
<0.02 ‒ 19.5 

(<1.32 – 1210) 
- 116 

Determine the effect of [NO3
-] on U uptake in the 

presence of 10 mM CO3
2- and optimal [Cl-] 

H 208 – 209  10 (600) 
<0.02 ‒ 18.7 

(<1.32 – 1160) 
200 116 

Determine the effect of [NO3
-] on U and Tc-99 uptake in 

the presence of 10 mM CO3
2- and optimal [Cl-] 

S 197 - 201 10 (600) 
<0.04 ‒ 18.7 

(<2.3 – 1160) 
200 - 

Determine the effect of [NO3
-] on Tc-99 uptake in the 

presence of 10 mM CO3
2- and optimal [Cl-] 

SO4
2- Experiments 

I 49 – 957  0.04 (1.5) - 3.0 (292) - - Quantify only SO4
2- uptake 

J 200 – 202  
1 – 211  

(39 – 7490) 
- 

2.9 – 3.1  

(277 – 298) 
- - Evaluate SO4

2- uptake as a function of [Cl-] 

K 51 -1002 65 (2310) 10 (600)  3.1 (293)  - - 
Quantify SO4

2- uptake in the presence of 10 mM CO3
2- 

and optimal [Cl-] 

L 201 – 203  
51 – 52  

(1810 – 1830) 
- 

<0.05 ‒ 10.0 

(<5.05 – 958) 
200 - 

Determine the effect of [SO4
2-] on Tc-99 uptake in the 

presence of optimal [Cl-] 

M 201 – 202  
54 – 56  

(1910 – 1980) 
10 (600) 

<0.05 ‒ 10.4 

(<5.05 – 1000) 
- 116 

Determine the effect of [SO4
2-] on U uptake in the 

presence of 10 mM CO3
2- and optimal [Cl-] 

N 201 - 202 
51 – 52  

(1800 - 1830) 
10 (600) 

<0.05 ‒ 9.9 

(<5.05 – 951) 
200 116 

Determine the effect of [SO4
2-] on U and Tc-99 uptake 

in the presence of 10 mM CO3
2- and optimal [Cl-] 

Q 51 - 997 53 (1880) - 3.1 (297) - - Quantify SO4
2- uptake in the presence of optimal [Cl-] 



Test 

Solution:Solid 

Ratio (mL/g 

dry resin)* 

Cl- 

mM (ppm)& 

CO3
2- 

mM (ppm) 

NO3
- or SO4

2- 

mM (ppm)%,$ 

Tc-99 

(ppb) 

U 

(ppb) 
Test Objective 

R 201 – 202  
61 – 63  

(2160 – 2240) 
10 (600) 

<0.05 ‒ 9.8 

(<5.05 – 940) 
200 - 

Determine the effect of [SO4
2-] on Tc-99 uptake in the 

presence of 10 mM CO3
2- and optimal [Cl-] 

Test 

Solution:Solid 

Ratio (mL/g 

dry resin)* 

Cl- 

mM (ppm)& 

CO3
2- 

mM (ppm) 

NO3
- or SO4

2- 

mM (ppm)%,$ 

Tc-99 

(ppb) 

U 

(ppb) 
Test Objective 

Kinetic Experiments 

T 1000 50 (1768) 10 (600) 

19 (1190) for 

NO3
- and 5 

(500) for SO4
2- 

200 116 
Determine the kinetics of U and Tc uptake in the 

presence of all anions 

Legend: 
*Ratio [50 – 1000]: 50, 100, 200, 500, and 1000 mL/g dry resin 
&Cl- [0 to 200 (7072)]: 0, 10 (354), 50 (1768), 100 (3536), and 200 (7072) mmol/L (ppm) 
%NO3

- [0 to 19 (1190)]: 0, 1.5 (95), 3 (190), 5 (313), 10 (625), and 19 (1190) mmol/L (ppm) 
$SO4

2- [0 to 10 (1000)]: 0, 0.5 (50), 2 (150), 5 (500), and 10 (1000) mmol/L (ppm) 
** Presence of Cl- due to pH adjustment. 



 655 

Figure 1. (A) Chemical form of a Type I strong base anion exchange resin. (B) Typical 656 

quaternary amine exchange sites found on strong base anion exchange resins; Purolite A532E 657 

has bifunctional triethylammonium and trihexylammonium exchange sites, and DOWEX 21K 658 

has trimethyl ammonium exchange sites.  659 

660 
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 662 

Figure 2. Sorption isotherms with HCO3
- (A) and Freundlich fit with HCO3

- (B). Sorption 663 

isotherms with NO3
- and SO4

2- (C), and Freundlich fit with or without Cl- in addition with NO3
- 664 

and SO4
2- (D). In A and C, uptake by A532E resins is presented as a fractional loading qe/qt of 665 

the target anion, where qe is the equilibrium loading for this anion and qt is the total ion-666 

exchange capacity of the resin (qt = 1.12 meq/g dry resin). Initial concentrations of CO3
2-, NO3

-, 667 

or SO4
2- in solution were 10 mM, 3 mM, or 3 mM, respectively. The solution-to-resin phase ratio 668 

varied from 50 – 1000 mL/g dry resin on the dry resin basis. Testing was conducted at ambient 669 

temperature. Error bars indicate the experimental error of ± 5%. 670 



 671 

Figure 3. Sorption isotherms for NO3
- and SO4

2- uptake at different Cl- concentrations for 672 

A532E resins, presented as a fractional loading qe/qt of the target anion, where qe is the 673 

equilibrium loading for this anion and qt is the total ion-exchange capacity of the resin (qt = 1.12 674 

meq/g dry resin). Cl- concentrations ranged from 0 – 200 mM. Testing was conducted at ambient 675 

temperature. The optimal Cl- concentration point chosen, 50 mM, is identified by a gold open 676 

circle. Error bars indicate the experimental error of ± 5%.   677 



 678 

Figure 4. A532E NO3
- sorption (A) and Freundlich (C) isotherms for all experiments containing 679 

NO3
- except Tests B and C. The effect of NO3

- loading on the final aqueous concentrations of Tc-680 

99 and U is shown in panels (B) and (D), respectively. The small y-axis range in (B) shows the 681 

increase in Tc-99 Ce values, but note that these values are within rounding to 100% uptake. The 682 

dashed lines indicate the ICP-MS limit of detection for Tc-99 (3.74 × 10-6 mM) and for U (2.55 × 683 

10-6 mM). Error bars indicate the experimental error of ± 5%.  684 

  685 



 686 

Figure 5. A532E SO4
2- sorption (A) and Freundlich (C) isotherms for all experiments containing 687 

SO4
2- except Tests I and J. The effect of SO4

2- loading on the final aqueous concentrations of Tc-688 

99 and U is shown in panels (B) and (D), respectively. The dashed lines indicate the ICP-MS limit 689 

of detection for Tc-99 (3.74 × 10-6 mM, black line Tests R and N; 7.48 × 10-7 mM, grey line, Test 690 

L) and for U (5.10 × 10-6 mM). The Tc-99 solution concentration could not be determined because 691 

it was below the ICP-MS limit of detection for Tc-99. Error bars indicate the experimental error 692 

of ± 5%.  693 

 694 

 695 



 696 

Figure 6. Comparison between the measured values and model results for (A) NO3
-, (B) Tc-99, 697 

and (C) U in A532E Test G and Test H. Reported values for KNO3-/Cl- (20), KTcO4-/Cl- (>4000), and 698 

KU/Cl- (500) represent the K values where the root mean square error (RMSE) value was 699 

minimized for the specific anion and dataset used for fitting.   700 


