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Abstract 16 

The selectivity of ion exchange (IX) resins for aqueous contaminant removal can be impacted by 17 

changing concentrations of competing natural groundwater ions. In a two-part investigation, the 18 

Hanford Site 200 West Area pump-and-treat (P&T) facility in Washington State, USA is used as 19 

a case study to evaluate the performance of two IX resins for groundwater treatment: Purolite® 20 

A532E for pertechnetate (TcO4
-) removal, explored in Part I, and DOWEX 21K (DOWEX) for 21 

uranium (U) removal. In Part II, DOWEX selectivity for U, as uranyl carbonate species, and uptake 22 

kinetics is quantified in a series of laboratory-scale aqueous batch experiments containing 23 

Hanford-relevant concentrations of competing anions nitrate (NO3
-), sulfate (SO4

2-), chloride (Cl-24 

), and carbonate (CO3
2-), as well as co-mingled contaminant TcO4

-. The results demonstrate that 25 

DOWEX trimethylammonium functional groups are highly selective for U carbonate species (85% 26 

- 100% uptake) under all conditions investigated. Only NO3
- concentrations of 100 mM were 27 

shown to decrease U removal, with the extent (85% – 99%) depending on competing anion 28 

concentrations present in solution. However, at the highest NO3
- concentrations reported for 29 

groundwaters treated at the P&T facility (25 mM), the effect on U uptake is minimal. The batch 30 

sorption results are modeled to obtain chloride normalized equilibrium exchange coefficients (K) 31 

for predicting DOWEX performance: KSO4--/Cl- = 2.0, KNO3-/Cl- = 5.0, KHCO3-/Cl- = 1.5, KTcO4-/Cl- = 32 

2000, and KU/Cl- = 50,000. These K values predict little effect of current and future influent 33 

chemistries on U removal by DOWEX, where both uranyl carbonate species and TcO4
- are 34 

removed such that effluent concentrations meet groundwater treatment requirements.  35 
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Highlights: 39 

i. Targeted batch experiments parameterize DOWEX 21K site-specific anion 40 

selectivity. 41 

ii. U(VI) uptake by DOWEX unaffected by competing anions TcO4
-, SO4

2-, CO3
2-, and 42 

Cl-. 43 

iii. U(VI) uptake by DOWEX may be affected by NO3
- at concentrations > 100 mM. 44 

iv. DOWEX effectively removes TcO4
- without impacting U uptake in batch experiments. 45 

v. Derived anion equilibrium exchange coefficients for predicting DOWEX 46 

performance. 47 
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1 Introduction 49 

The primary objective of the 200 West Area pump-and-treat (200W P&T) facility at the U.S. 50 

Department of Energy’s Hanford Site, a former plutonium production site in southeastern 51 

Washington State (USA), is to strip chemical and radiological contaminants from groundwater. 52 

The facility treats up to 2500 gallons of contaminated groundwater per minute from multiple 53 

extraction wells to remediate groundwater plumes with distinct water chemistry signatures from 54 

across the 200 Area (Central Plateau) of the Hanford Site. The primary radioactive contaminants 55 

are uranium (U), present as anionic uranyl carbonate complexes (e.g., U(VI)O2(CO3)3
4-), and 56 

technetium-99 (Tc-99), present as anionic pertechnetate (TcO4
-) [1]. The 200W P&T facility uses 57 

two strong base anion styrene-divinylbenzene gel exchange resins: (i) Purolite® A532E (A532E), 58 

with bifunctional quaternary amine (triethylammonium and trihexylammonium) functional 59 

groups, to selectively remove the large, weakly hydrated TcO4
- anion [2-8]; and (ii) DOWEX 21K 60 

(DOWEX), with trimethylammonium functional groups, to selectively remove the more densely 61 

charged U carbonate species (Figure 1 in Part I [9]). In the current configuration of the 200W P&T 62 

facility, DOWEX removes U first, then A532E removes Tc-99. The incoming water volume and 63 

characteristics are different for the two treatment trains (Figures S1 and S2 in Part I [9]). This study 64 

is presented in two parts, with A532E performance for the removal of Tc-99 evaluated in Part I, 65 

and the performance of DOWEX for the removal of U evaluated here in Part II. The aim of this 66 

work is to reduce the uncertainty associated with the impact of changing groundwater chemistry 67 

on ion exchange (IX) resin performance for the removal of radionuclides from contaminated 68 

groundwater, and to provide a technical basis to optimize operations for treatment of different 69 

groundwater plumes in the future.   70 

Aqueous U concentrations across the Hanford Site can vary from 3.4 – 50,000 µg/L, with some 71 

areas exceeding the U.S. Environmental Protection Agency regulated maximum contaminant level 72 

of 30 µg/L [10, 11]. DOWEX efficiently removes U from influent groundwater, and analysis of 73 

spent DOWEX resin from the lead column after 4 years of service in the U IX treatment train at 74 

the 200W P&T facility showed a high U loading of 18,500 µg/g resin [12]. However, DOWEX 75 

also has an affinity for common groundwater constituents such as sulfate (SO4
2-) and nitrate (NO3

-76 

), which are present at concentrations up to three orders greater than the concentration of U in the 77 

U IX influent stream (Tank Y10, Table 1). Although the U loading on spent DOWEX resin was 78 

high, the measured NO3
- and SO4

2- loadings were 27,500 ± 3025 µg/g resin and 17,280 ± 2,246 79 

µg/g resin, respectively, and together account for 21.5% of the theoretical capacity [12]. In addition 80 

to U, NO3
-, and SO4

2-, other ions (Fe, Ca, 127I, and 129I) were present on the spent DOWEX resin 81 

[13]. Other studies that have observed the removal effects of co-mingled anions include Nur and 82 

others, who reported that DOWEX removed 70% of the NO3
- from a 20-mg/L solution in batch 83 

experiments [14]. Mattigod and colleagues found that partitioning coefficients for U were reduced 84 

by half (72,830 mL/g vs. 31,670 mL/g) in 306 mg/L NO3
- solutions [15]. Kalaruban and others 85 

found that, in solutions containing NO3
- (20 mg/L), phosphate (PO4

3-, 0.5 – 30 mg P/L), chloride 86 

(Cl-, 20 – 70 mg Cl/L), and SO4
2- (10 – 70 mg S/L), higher SO4

2- concentrations only reduced NO3
- 87 

adsorption, leading them to conclude that competition between anions usually depends on the 88 

concentration of NO3
- [16]. The removal of U by DOWEX may be further complicated by changes 89 

in U speciation, which is highly dependent on groundwater pH and ion concentration (e.g., CO3
-90 

/HCO3).  91 

In the future, the 200W P&T facility could accept influent streams from new extraction wells, e.g., 92 

wells extracting groundwater from a nitrate plume, and this could change equilibrium uranyl 93 



speciation and impact U removal efficacy by DOWEX [12]. Understanding the potential impact 94 

of varying groundwater compositions from current and future influent streams on the performance 95 

of IX resins is necessary to sustain maximum operational efficiency, but published Hanford-96 

specific data describing competing anion effects during IX at the 200W P&T facility is limited.  97 

Here, a series of binary and multicomponent batch experiments were conducted to determine the 98 

selectivity of DOWEX for different anions, e.g., U(VI) species, TcO4
-, SO4

2-, NO3
-, Cl-, and CO3

2- 99 

(known to influence U(VI) speciation), and the potential competitive effects that these species 100 

have on U removal by DOWEX. The batch experiments were not designed to replicate the 101 

composition of the groundwater influent, but instead to probe the effect of individual anions over 102 

a range of concentrations that represent current and future groundwater influent compositions to 103 

the 200W P&T facility. The results were used as a training set to generate an initial thermodynamic 104 

model for predicting DOWEX resin performance as a function of changes in influent composition.  105 

As stated in the Part I [9], the ion removal mechanism is often considered a simple electrostatic 106 

interaction in most IX models. With the approach used herein, other factors that impact the 107 

thermodynamics of IX reactions, such as (i) anion hydration energy; (ii) the size and nature of 108 

counterions; (iii) the resin functional group(s); and (iv) competing sorption reactions are taken into 109 

account when calculating anion specific exchange coefficients used as inputs for the 110 

thermodynamic model[7]. However, kinetic effects can play an important role in contaminant 111 

uptake efficiency under the dynamic conditions in the IX vessels at the 200W P&T facility. Thus, 112 

an ongoing study is evaluating IX performance under flow conditions, firstly with a synthetic 113 

groundwater containing the anions included in these batch experiments, and secondly with actual 114 

groundwater from the 200 Area, with the batch-derived thermodynamic model coefficients used 115 

in flow and transport modeling to fit contaminant breakthrough data. These column experiments 116 

will allow the model presented in this work to be optimized to account for both thermodynamic 117 

and kinetic effects, then ultimately scaled up to provide operational feedback to the 200W P&T 118 

facility and inform future resin treatment train design for optimization of both U and Tc-99 119 

removal.  120 

 121 

2 Materials and Methods 122 

2.1 Materials 123 

 DOWEX is a strong base Type I anion exchange resin used to remove U(VI) from solution [13]. 124 

The polystyrene resin crosslinked with divinylbenzene is functionalized with quaternary 125 

trimethyl ammonium functional groups. The DOWEX 21K resin has yellow, uniformly sized 126 

spherical beads with particles 0.525 – 0.625 mm in diameter and a total capacity >1.4 eq/L in Cl- 127 

form, according to the manufacturer. DOWEX resin beads were pre-conditioned with 1 M NaCl 128 

before use to eliminate other anions potentially present on the resin (Part I; [9] unpublished). 129 

Preconditioning attempts to maximize the loading capacity of the Cl- parent anion on the 130 

DOWEX resin. The pre-conditioned resin was used in batch experiments as well as to determine 131 

the DOWEX resin moisture content (MC) and measure the actual exchange capacity (qt) since 132 

the manufacturer reports a minimum value determined based on the resin manufacturing 133 

procedure. The MC for DOWEX resins ranged from 54% – 64% and the qt value for Cl- 134 



functionalized DOWEX was determined to be 2.0 meq/g dry resin. When normalized to the mass 135 

of wet resin, the qt value is ~0.9 meq/g wet resin and less than the manufacturer reported value. 136 

This could indicate some IX sites are occupied by CO3
2- species that are not displaced by Cl- 137 

during pre-treatment. Procedural details for measuring MC and qt may be found in the supporting 138 

information of Part I [9][unpublished]. The measurements and calculations for determining qt are 139 

provided in the supporting information, Table S1.  140 

2.2 Solution Preparation for Batch Experiments 141 

Solutions for batch experiments were not designed to replicate the composition of the 142 

groundwater influent, but instead to probe the effect of individual anions (Cl-, CO3
2-, NO3

-, and 143 

SO4
2-) over a concentration range that spans the range of blended groundwater compositions in 144 

Tank Y10, which is the influent stream to the U IX treatment train (Table 1). The anions were 145 

added to double deionized water (DDI) as the sodium salt (NaCl, Na2CO3, NaNO3, and NaSO4
2-) 146 

to make spiking solutions with single or mixed ions. Ammonium pertechnetate (NH4TcO4, 147 

available in house) and uranyl chloride trihydrate (UO2Cl2·3H2O, International Bio-Analytical 148 

Industries) were added to DDI to make spike solutions of Tc-99 (20 mg/L) and U (11.6 mg/L), 149 

respectively. Experiment solutions with U or Tc-99 were spiked with 2 mL of 20 mg/L Tc-99 150 

and/or 2 mL of 11.6 mg/L U for a target concentration of 200 µg/L and/or 116 µg/L, 151 

respectively. The concentration of U in Tank Y10 is two orders of magnitude greater than that of 152 

Tc-99 (Table 1), but a concentration representative of the U concentration was selected for both 153 

Tc-99 and U for comparison in these batch experiments. A total of 17 batch experiments with 154 

different combinations of anions (Cl-, CO3
2-, NO3

-, SO4
2-, Tc-99, and U) and concentrations, and 155 

solution-to-solid ratios, were conducted (Table 2). For Tests A, B, D, E, I, K, and Q (with varied 156 

solution:solid ratios), a single stock solution containing the relevant anions was made for each 157 

experiment. For all other experiments (with varied [NO3
-], [SO4

2-], or [Cl-]), the relevant anions 158 

were added as a spike to achieve the target concentrations in Table 2. Prior to adding the 159 

DOWEX resin beads to each experiment, the solution pH was adjusted to 7.4 +/- 0.1 (to match 160 

that of influent streams) with diluted HCl or NaOH and equilibrated overnight. The solution pH 161 

was re-adjusted, if necessary, the next day.  162 

2.3 Batch Sorption and Kinetic Experiments.  163 

Experiments in Table 2 were conducted in duplicate and in 250-mL high-density polyethylene 164 

(HDPE) bottles. Since these experiments followed the procedure already reported in Part I [9], 165 

the reader is encouraged to reference that text and here only the differences are noted.  Following 166 

the addition of the DOWEX resins to the required solution volume, the pH of each bottle was 167 

immediately measured and then transferred to a bench shaker at 125 rpm for 24 hours 168 

(previously 72 hours). At the end of 24 hours, the bottles were removed from the shaker and 169 

processed as previously described before analyzing the solutions by inductively coupled plasma-170 

mass spectrometry (ICP-MS, for Tc-99 and U) and ion chromatography (IC, for anions). 171 

Carbonate uptake was calculated as the milliequivalent difference in Cl- released, as measured by 172 

IC, also accounting for other measured anions removed from solution of known charge. The 173 

carbonate uptake calculation cannot be made for experiments containing U(VI) complexes 174 

because the exact charge of the UO2
2+ species could not be absolutely determined. The kinetic 175 



batch experiments followed the procedure previously described [9], with aliquot collections for 176 

Tc-99 and U measurements and pH measurements occurring at time points 0, 0.5, 1, 2, 4, 8, 24, 177 

48, and 72 hours. No aliquots were collected for IC analysis from the kinetic batch experiments.  178 

The reported ICP-MS method limits of detection for Tc-99 ranged from 0.037 to 0.74 µg/L, and 179 

for U from 0.076 to 0.76 µg/L. IC method detection limits for Cl (0.67 – 13.4 mg/L), NO3
- (0.66 180 

- 23 mg/L), and SO4
2- (0.108 - 50.5 mg/L) ranged according to the dilutions required to analyze 181 

the samples. The experimental precision of these DOWEX batch experiments is estimated to be 182 

± 3% and is based on a combination of replicate determinations, volumetric error, and analytical 183 

measurement variance. The primary source of error occurs during sample preparation and is 184 

reflected in the average solution:solid ratio (mL/g) and standard deviation determined from all 185 

A532E experiments with a target solution:solid ratio of 200 mL/g (98 data points), which is 201 186 

± 7 mL/g of dry resin.  187 

2.4 Adsorption Isotherm Models and Geochemical Modeling  188 

Sorption isotherms from ICP-MS and IC data were initially fit using both Freundlich and Langmuir 189 

adsorption models. However, only for Tc-99 in Test M did the Freundlich fit to the data produce 190 

an R2 value greater than the R2 value for the Langmuir fit, although not within statistical 191 

significance (R2 = 0.911 versus 0.906, respectively). DOWEX has only one active sorption site 192 

that is functionalized with trimethylamine groups. Based on the uniformity of available exchange 193 

sites, the Langmuir model (Equation 1), which assumes monolayer adsorption onto a surface 194 

containing a finite number of identical binding sites, agrees with the observations of the initial 195 

fitting exercise and was used to determine the final sorption fit for U, Tc-99, HCO3, NO3
-, and 196 

SO4
2- isotherms presented herein [17]: 197 

 198 

𝑞𝑒 =
𝑞𝑡𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

 Equation 1 

 199 
Here, qt is the maximum monolayer coverage capacity (meq/g dry resin), KL is the Langmuir 200 

isotherm constant (L/mmol), qe is the anion equilibrium sorption capacity (in meq/g dry resin) 201 

and Ce is the equilibrium anion concentration in mM . 202 

Geochemical modeling of anion speciation in solution was performed in Part I using 203 

Geochemists Workbench (GWB 12.0.7, www.gb.com) [9, 18]. The previously reported methods 204 

for calculating anion equilibrium exchange coefficients (K) using HYDROGEOCHEM in Part I 205 

is also used here [19]. Again, the K value that minimized the root mean square error (RMSE) of 206 

the model fit to the range of experimental data evaluated is reported. The RMSEs reported are 207 

not an indication of goodness of fit and for different anions should not be compared as the 208 

number of data points and datapoints representing measurable concentrations (those that fall 209 

above instrument limits of detection) are often different. 210 

3 Results and Discussion  211 

3.1 Solution speciation modeling 212 

The speciation of NO3
-, SO4

2-, CO3
2-, Tc-99, and U was modeled in Part I with the GWB 213 

http://www.gb.com/


thermodynamic modeling software package using the aqueous conditions of Test G (for the NO3
- 214 

system) and Test N (for the SO4
2- systems) in Table 2 [9, 18]. Based on those results, the 215 

loadings of CO3
2-, Tc, and U provided in Table S2 (NO3

- experiments) and Table S3 (SO4
2- 216 

experiments) are calculated assuming HCO3
-, TcO4

-, and UO2(CO3)3
4- species, respectively. 217 

3.2 Binary sorption isotherms 218 

Sorption isotherms for HCO3
- (A), and NO3

- and SO4
2- (C), showing the anion fractional loading 219 

qe/qt, where anion loading capacity (qe) in meq/g dry resin is normalized to the experimentally 220 

determined total resin capacity for Cl-, qt = 2.0 meq/g dry resin, versus the anion equilibrium 221 

concentration Ce (mM), were used to assess affinity of DOWEX for these anions (Figure 1). 222 

Both DOWEX and A532E resins exhibit similar uptake of carbonate, where DOWEX HCO3
- qe 223 

values ranged from 0.16 – 0.50 meq/g with no competition anions present (Test A, Table S2) and 224 

A532E HCO3
- qe values ranged from 0.12 – 0.29 for the same experiment (Part I; [1, 9]). 225 

However, DOWEX exhibited significantly greater uptake of SO4
2- (maximum qe = 3.64 meq/g 226 

dry resin) compared to NO3
-
 (maximum qe = 2.86 meq/g dry resin) and Cl- (qt = 2.0 meq/g dry 227 

resin) when no other anions were present (Figure 1C, Tests B and I in Tables S2 and S3). Indeed 228 

qe/qt is greater than 1 for SO4
2- and NO3

- once Ce concentrations exceed ~1.9 and ~0.2 mM for 229 

SO4
2- and NO3

- respectively, which suggests that the total exchange capacity for DOWEX may 230 

be anion specific and higher for anions with high selectivity. For SO4
2-, the maximum qe value  231 

reflects DOWEX’s higher selectivity for multi-valent, well hydrated anions at the 232 

trimethylammonium exchange sites, where SO4
2-has a Gibbs free energy of hydration (ΔGhyd) 233 

equal to -1090 kJ/mol compared to Cl-, -347 kJ/mol [3]. However, the maximum qe for NO3
- 234 

(ΔGhyd = -306 kJ/mol [3]) also exceeded qt, despite being a more weakly hydrated anion than  Cl-235 

. The exact cause of this difference between Cl- and NO3
- is not known, but may align with the 236 

Kalaruban study that reported anion competition for removal by DOWEX depends on the 237 

concentration of NO3
- [16]. The impact of pH was also considered as a potential factor. For Tests 238 

B and I the final pH ranged from 6.13 – 6.90 (Tables S2 and S3), whereas in Test A the HCO3
– 239 

buffered the pH between 7.34 – 7.88. The zeta potential for the DOWEX resin is approximately 240 

30 mV from pH 4 – 7, then drops to approximately 22 mV at pH 7.5 [16]. In the pH range of 241 

6.13 – 6.90 observed for Tests B and I, the surface potential would remain at 30 mV; therefore, 242 

pH is not expected to contribute significantly to the measured maximum qe values for NO3
- and 243 

SO4
2-. The best fit to the data for sorption of major anions HCO3

-, NO3
-, and SO4

2- on DOWEX 244 

was produced with the Langmuir model and is shown in Figure 1B,D. 245 

Given the high exchange capacity of DOWEX, it was necessary to determine a target 246 

concentration of Cl- to use as a background electrolyte, such that changes in uptake would be 247 

measurable for the bulk groundwater anions of interest, NO3
- and SO4

2-. Figure 2 shows the 248 

sorption isotherms for NO3
- (Test C) and SO4

2- (Test J) over a range of Cl concentrations 249 

spanning from 0 – 231 mM (Table S1 and S2). The Cl- concentration chosen from these tests 250 

would target NO3
- and SO4

2- uptake between 20% – 80%. In each experiment, an increase in the 251 

Cl- concentration led to a decrease in NO3
- (starting concentration of 6 mM) and SO4

2- (starting 252 

concentration of 3 mM) sorption onto DOWEX, and thus a decrease in the effective loading 253 

(Figure 2). The presence of Cl- had a significant impact on SO4
2- sorption and, despite its high 254 



charge density and hydrophilic character, the loading of SO4
2- dropped below that of NO3

- when 255 

the concentration of Cl- was greater than 100 mM. This suggests that, under competitive 256 

conditions of high total dissolved solids, DOWEX selectivity is driven by factors other than 257 

anion hydration, such as relative anion concentrations and the availability of neighboring binding 258 

sites required to accommodate the removal of multivalent anions. In the presence of Cl- 259 

concentrations that increase up to two orders of magnitude greater than SO4
2-, Cl- occupancy of 260 

available anion exchange sites also increase. The presence of Cl- lowers SO4
2- access to the two 261 

neighboring exchange sites required for SO4
2- removal. Yet, in the case of NO3

-, only one 262 

exchange site is needed to remove this anion, so even as the Cl- concentration increases, NO3
- 263 

access to exchange sites depends mostly on the relative hydration energy of NO3
- to Cl-, not on 264 

the availability of neighboring exchange sites as influenced by total anions in solution. These 265 

factors lead to a more gradual decrease in NO3
- loading with increased Cl- Ce than the observed 266 

trend for SO4
2- loading shown in Figure 2.  267 

At the conclusion of Tests C and J, a Cl- concentration of 50 mM (or 1768 mg/L) was selected 268 

because NO3
- and SO4

2- uptake reached 44% and 54%, respectively, and fell within the target 269 

range of 20% – 80% (Tables S2 and S3). A Cl- concentration of 50 mM is close to the maximum 270 

total dissolved solids concentration measured for perched water in the 200W P&T remediation 271 

area (1873 mg/L).  272 

3.3 Multicomponent sorption isotherms 273 

3.3.1 Multicomponent experiments containing SO4
2-  274 

The primary competing ion of interest for DOWEX is SO4
2-. The effect of SO4

2- on the uptake of 275 

HCO3
-, Tc, and U was systematically investigated in a series of five experiments (Tests K – N 276 

and R, Table 2). The results for SO4
2- experiments, including the change in pH relative to a blank 277 

solution without resin, contaminant loadings (qe), final anion aqueous concentration (Ce), and 278 

percent uptake, are summarized in Table S3 and Figure 3.  279 

Due to their larger charge density, highly charged species, e.g., SO4
2-and UO2(CO3)3

4-
, generally 280 

have a higher affinity for the trimethylammonium groups on DOWEX than less highly charged 281 

anions, e.g., NO3
-, Cl-. The loading capacity of SO4

2- on DOWEX is thus greater than the loading 282 

capacity of NO3
- and Cl- in the absence of other anions, as shown in Figure 1C. However, as 283 

discussed in the last section, the selectivity for the divalent SO4
2- anion is more sensitive to the 284 

total concentration of anions in solution compared to monovalent ions like Cl- and NO3
-.  285 

Therefore, as more anions were added into solution, a decrease in SO4
2- loading (qe) (Figure 286 

3A,C) was observed in Tests K – N compared to Test Q. Test Q provides the baseline for SO4
2- 287 

removal when the uptake of 3 mM SO4
2- in the presence of 53 mM Cl- is measured as a function 288 

of solution:solid ratio (Table S3). In Test K (Figure 3A,C), the addition of 10 mM HCO3
- 289 

resulted in a decrease in maximum qe from 0.93 meq/g dry resin (Test Q) to 0.71 meq/g dry 290 

resin. This suggests that HCO3
- remains competitive for the IX sites as a monovalent anion, and 291 

further hinders the access of SO4
2- to neighboring exchange sites for removal. 292 

Due to the excess of HCO3
- (10 mM) compared with Tc-99 (2 × 10-3 mM) and U (4 × 10-4 mM), 293 

the addition of Tc-99 and U in Tests M, N, and R did not significantly affect SO4
2- qe values, and 294 



the SO4
2- sorption isotherms for Tests K, M, N, and R (all containing HCO3

-) overlap for SO4
2- 295 

Ce values ≤ 3 mM (Figure 3A). The SO4
2- sorption isotherm for Test L, which evaluated the 296 

effect of SO4
2- on TcO4

- removal in the presence of 52 mM Cl- and the absence of HCO3
-, aligns 297 

with the isotherm from Test Q (Cl- only) and produced the highest SO4
2- loading (qe = 1.36 298 

meq/g dry resin) determined from the multicomponent tests. In the absence of HCO3
- and in the 299 

presence of a comparatively low concentration of TcO4
-, SO4

2- loadings are unaffected. When 300 

HCO3
– is added (Test R), the maximum qe for SO4

2- drops to 1.07 meq/g dry resin, but TcO4
- 301 

removal, remains at 99%, despite a small increase in TcO4
- Ce (Figure 3B, Table S3). The small 302 

effect of HCO3
- on TcO4

- removal is likely connected to its Gibbs free energy of hydration, 303 

ΔGhyd = -340 kJ/mol [20], which makes it more favorable for hydration than TcO4
- (ΔGhyd = -251 304 

kJ/mol) and facilitates removal by DOWEX. 305 

For trace contaminant concentrations of Tc-99 and U, uptake was 99% and 100%, respectively, 306 

under all conditions tested in the presence of SO4
2-. However, for both Tc-99 and U, the 307 

concentration remaining in solution was higher when they were present as co-contaminants, 308 

especially at the highest SO4
2- concentrations. Under comingled conditions, the presence of 309 

HCO3
- on the resin is favorable for loading of UO2(CO3)3

4-, as removal of U is facilitated by 310 

complexation with carbonate, as well as by enhanced anion exchange due to the large (4-) charge 311 

on the complex. However, the presence of HCO3
- and U on the resin is less favorable for TcO4

- 312 

loading, with uptake remaining at around 99%, but the concentration remaining in solution 313 

increasing slightly. For TcO4
-, the size and hydrophobicity of the anion are likely responsible for 314 

the increase in the concentration remaining in solution under the most competitive aqueous 315 

environment (Test N).  This provides laboratory-based experimental confirmation of the 316 

mechanism behind significant uptake of TcO4
- after DOWEX resin change-out, which has been 317 

empirically observed at the 200W P&T facility. The available exchange sites on the fresh 318 

DOWEX initially uptake TcO4
- from solution, but over time the selectivity of U for those sites, 319 

enhanced by the presence of HCO3
-, results in release of TcO4

- from the resin. 320 

3.3.2 Multicomponent experiments containing NO3
-  321 

Figure 4A shows the sorption isotherms for NO3
-, while panels B and D show the final remaining 322 

Tc-99 and U concentrations in solution, respectively. A complete summary of the data obtained 323 

from the NO3
- experiments is provided in Table S2. The increasing trend in NO3

- loading (qe) as 324 

a function of NO3
- Ce is observed for all multicomponent isotherms. All NO3

– sorption isotherms 325 

overlap up until NO3
- Ce values of > 50 mM are reached (Figure 4A), demonstrating the limited 326 

effect of other anions on NO3
– uptake by DOWEX. If NO3

- loading was affected by total 327 

dissolved solids, the NO3
- loading would have decreased in the presence of HCO3

-, as observed 328 

for SO4
2- isotherms containing HCO3

- (Figure 3A). The increase in NO3
- loading with increasing 329 

concentration also agrees with previous reports that DOWEX exhibits some affinity for NO3
- 330 

anions [13, 16, 21]. Furthermore, competing anion removal by DOWEX may depend on NO3
- 331 

concentration as reported by Kalaruban and coworkers [16]. Here in Test F, an increase in NO3
- 332 

loading (up to 3.06 meq/g, [NO3
-]0 = 6240 mg/L) on DOWEX resulted in a decrease in TcO4

- 333 

uptake from 99% to 90%. Again, the hydration of the competing anions has a significant 334 

influence on anion removal, with the more easily hydrated NO3
- (ΔGhyd = -306 kJ/mol) more 335 

competitive for hydrophilic trimethylammonium groups on DOWEX than hydrophobic TcO4
-. 336 



The presence of TcO4
- in solution did not affect U removal, but around NO3

- concentrations 52 337 

mM (3230 mg/L) and higher, U uptake begins to decrease from 99% to as low as 85% ([NO3
-]0 = 338 

100 mM, 6220 mg/L). This suggests that NO3
- may inhibit DOWEX performance for U removal 339 

above concentrations of 6220 mg/L. However, the NO3
- concentrations in Tank Y20 (Table 1) 340 

are more than an order of magnitude less than the highest NO3
- concentration studied here. Thus, 341 

NO3
- will not impede DOWEX performance for U removal at the 200W P&T facility unless 342 

influent NO3
- concentrations exceed 1000 mg/L. 343 

Lastly, TcO4
- Ce values decreased in the presence of HCO3

- for the SO4
2- system (Test R) 344 

compared to Test L in the absence of HCO3
-. Here, for the NO3

- system, this competition 345 

between HCO3
- and TcO4

- was not observed. Aside from NO3
-, the presence of U was the next 346 

most competitive anion to hinder TcO4
- removal based on a comparison of Ce values (Table S2).   347 

3.4 HYDROGEOCHEM Modeling 348 

The calculation for determining equilibrium exchange coefficeints (K) using 349 

HYDROGEOCHEM is provided in Part I [9]. For the DOWEX resin, HYDROGEOCHEM 350 

calculations assume a qt = 3.64 meq/g dry resin, which is the highest anion loading value 351 

measured (Test I, Table S3). The KSO4--/Cl-, KNO3-/Cl-, KHCO3-/Cl-, and KTcO4-/Cl- calibrated from all 352 

experiments for DOWEX using HYDROGEOCHEM were determined to be 2.0, 5.0, 1.5, and 353 

2000, respectively. These coefficients were then fixed to estimate KU/Cl- assuming UO2(CO3)3
4- 354 

as the exchanged anion. The best estimate of KU/Cl- for Test M and Test N combined is >50,000. 355 

With such a high selectivity for U species, these K values suggest that U will out-compete Tc-99 356 

for uptake by at least 25:1 (KU/Cl-/KTcO4-/Cl-) when both contaminants are present at competing 357 

concentrations. The comparison between the observations and the simulated results for SO4
2-, Tc, 358 

and U in Tests M and N are shown in Figure 5Figure . In Figure S2, the observations from all 359 

DOWEX experiments and the simulated results are shown for all anions, including NO3
- and 360 

HCO3
-.  361 

3.5 Batch Sorption Kinetics 362 

Kinetic experiments were conducted to confirm that the IX reaction had reached equilibrium 363 

over the time of the batch sorption experiments, and to determine the rate of contaminant uptake 364 

so that operating conditions for future column experiments could be optimized. Batch sorption 365 

experiments were conducted to determine the kinetics of Tc and U uptake by DOWEX from a 366 

solution containing NO3
- (19 mM), SO4

2- (5 mM), Cl- (50 mM), and HCO3
- (10 mM) (Test T, 367 

Table 2) over 72 hours. In the presence of NO3
- (0 – 98 mM, Test H), the batch sorption 368 

experiments demonstrated removal of both Tc (90% – 99%) and U (85% – 99%) (Table S2). In 369 

the presence of SO4
2- (0 – 10 mM, Test N), the uptake was > 99% for Tc-99 and 100% for U 370 

(Table S3). The results from the 24-hour sorption experiments agree with the kinetic experiments 371 

and, in the presence of both NO3
- and SO4

2-, the majority of U (97%) and up to 87% Tc-99 were 372 

removed from solution within the first 8 hours. A first order rate model provided the best fit (R2 373 

= 0.800) to the kinetics of Tc-99 uptake by DOWEX and a rate constant (k) of 0.46 hr-1 was 374 

calculated (Figure S1). However, the best fit (R2 = 0.816) to the kinetics of U uptake by 375 

DOWEX was achieved using a zero-order rate model, with a k = 14.24 µg/(g hr). These results 376 

demonstrate that the IX reaction had reached equilibrium within 8 hours, which is well within the 377 



timeframe of the batch sorption experiments. The different kinetic behavior for uptake of U 378 

versus Tc-99 by DOWEX may play an important role in determining uptake efficiency of these 379 

two contaminants under the high-flow conditions in the IX vessels at the 200W P&T facility.  380 

4 Conclusions 381 

The 200W P&T facility at the Hanford Site currently uses DOWEX to specifically target U in 382 

influent groundwater. A planned expansion of the 200W P&T facility will introduce additional 383 

groundwater contaminated with Tc-99 and U from beneath aging radioactive waste storage 384 

tanks. This work assessed the impact of a broader range of influent chemistries on IX resin 385 

performance to confirm that DOWEX will continue to remove U to meet groundwater treatment 386 

objectives, with a similar assessment of A532E for Tc removal in Part 1 ([9] unpublished). The 387 

results of this study also provide a technical basis for future decisions for 200W P&T facility 388 

operational configurations, e.g., A532E and DOWEX treatment vessel configuration.  389 

 390 

DOWEX has one type of IX site functionalized with trimethylammonium groups. Due to the 391 

open structure of the IX site, multivalent species (e.g., SO4
2-, CO3

2-, UO2(CO3)3
4-) will outcompete 392 

monovalent anions (e.g., NO3
-, Cl-) based on their larger hydration energy and charge. However, 393 

as the concentration of Cl- and other monovalent species in solution increases, these multi-valent 394 

species are at a disadvantage because they require more than one available sorption site to be 395 

removed by the resin, a factor that may not be overcome by their larger electrostatic attraction to 396 

the resin sorption sites. Hence, DOWEX is more susceptible to competition from high 397 

concentrations of monovalent NO3
-, Cl-, HCO3

-, and even TcO4
- species that only require one 398 

sorption site. This competition resulted in the uptake of nearly all (99%) of the TcO4
- in the 399 

presence of SO4
2-, Cl-, U, and HCO3

-, whereas SO4
2- uptake decreased. When divalent SO4

2- was 400 

replaced with monovalent NO3
-, the Tc-99 and U uptake levels decreased from 99% to 90% and 401 

from 99% to 85%, respectively, with increasing NO3
- concentration. However, the most drastic 402 

decreases in Tc-99 and U uptake occurred around 100 mM NO3
-, which is outside the NO3

- 403 

concentration range expected in current and future contaminated groundwater influent to the 404 

200W P&T.  405 
 406 
Models informed by these batch sorption results predict equilibrium IX coefficients for DOWEX 407 

uptake of SO4
2- (KSO4--/Cl- = 2.0), NO3

- (KNO3-/Cl- = 5.0), carbonate as HCO3
- (KHCO3-/Cl- = 1.5), Tc-99 as 408 

TcO4
- (KTcO4-/Cl- = 2000), and U as UO2(CO3)3

4- (KU/Cl- > 50,000). Thus, these equilibrium IX 409 

coefficients predict little effect of influent chemistry on U removal by DOWEX from a 410 

thermodynamic perspective, suggesting that DOWEX will remove UO2(CO3)3
4- from current and 411 

future influent streams such that effluent concentrations will meet groundwater treatment 412 

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

2-, Cl-, and 413 

HCO3
-/CO3

2 -, and TcO4
- as a co-contaminant. Kinetic effects can play an important role in U 414 

uptake efficiency under the high-flow conditions in the IX vessels at the 200W P&T facility, and 415 

batch experiments showed that both U and Tc-99 were removed within 8 hours. However, 416 

further work is required to demonstrate that the batch equilibrium IX coefficients can be used 417 

predict uptake and retention of both U and Tc-99 by DOWEX in 1D flow column studies, where 418 

dynamics are expected to play a more significant role. The IX coefficients will be optimized to 419 

account for both thermodynamic and kinetic effects, and the model will ultimately be scaled up 420 

to provide operational feedback to the 200W P&T facility, and to inform future resin treatment 421 

train design for optimization of both U and Tc-99 removal. 422 



  423 
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Table 1. Composition of U ion exchange (IX) influent streams (Tank Y10) [22]. 

Parameter/Type Units Average 
Std. 

Dev. 

Number of 

Measurements 

From 6/1/2020 

through 5/30/2021 

Y10 (U Influent) 

Technetium-99 pCi/L 2,130 170 11 

Uranium µg/L 173 41 22 

Nitrate µg/L 129,000 38,000 11 

Sulfate µg/L 94,000 33,000 11 

Chloride µg/L 22,000 8,000 11 

From 6/1/2021 

through 5/30/2022 

Y10 (U Influent) 

Technetium-99 pCi/L 1620 470 12 

Uranium µg/L 131 74 24 

Nitrate µg/L 109,000 18,000 11 

Sulfate µg/L 78,000 15,000 11 

Chloride µg/L 14,900 4,500 11 

 

 

 

 

 

 

 

 



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

-, SO4
2-, Tc-99, and U concentrations used in Cl—treated DOWEX resin batch 

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

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 – 1005  15 (520)** 10 (600) - - - Quantify only CO3
2- uptake 

NO3
- Experiments 

B 52 – 1007  - - 6.0 (375) - - Quantify only NO3
- uptake 

C 201 – 203  
1 ‒ 203  

(34 – 7180) 
- 

5.9 – 6.1  

(366 – 379) 
- - Evaluate NO3

- uptake as a function of [Cl-] 

D 51 – 981  

50 – 65  

(1780 – 2300)  

- 6.2 (384) - - Quantify NO3
- uptake in the presence of optimal [Cl-]  

E 51 – 998 10 (600) 6.2 (383) - - 
Quantify NO3

- and CO3
2- uptake in the presence of 

optimal [Cl-]  

F 201 – 203  - 
<0.37 ‒ 101  

(<23 – 6240) 
200  - 

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

the presence of optimal [Cl-] 

G 201 – 202  10 (600) 
<0.37 ‒ 101  

(<23 – 6240) 
- 116 

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

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

H 200 – 201  10 (600) 
<0.37 ‒ 104  

(<23 – 6460) 
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 202 – 203  10 (600) 
<0.37 ‒ 100  

(<23 – 6170) 
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 58 – 1121  0.18 (7)** - 2.9 (283) - - Quantify only SO4
2- uptake  

J 199 – 200  
0.15 ‒ 231 (5 

– 8200) 
- 

2.9 – 3.0  

(278 – 289) 
- - 

Evaluate SO4
2- uptake as a function of [Cl-] 

K 51 – 997  

51 – 65 

(1820 – 2300) 

10 (600)  2.9 (283)  - - 
Quantify SO4

2- uptake in the presence of 10 mM 

CO3
2- and optimal [Cl-] 

L 200 – 201  - 
<0.02 ‒ 9.8 

(<2.16 – 937) 
200 - 

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

the presence of optimal [Cl-] 

M 201 10 (600) 
<0.02 ‒ 9.9 

(<2.16 – 953) 
- 116 

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

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

N 201 10 (600) 
<0.02 ‒ 9.8 

(<2.16 – 946) 
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-] 



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 

Q 51 - 1006 - 3.1 (298) - - 
Quantify SO4

2- uptake in the presence of optimal [Cl-

] 

R 162 – 204  10 (600) 
<0.05 ‒ 9.8 

(<5 – 941) 
200 - 

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

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

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 
&Cl- [0 to 200 (7072)]: 0, 10 (354), 50 (1768), 100 (3536), and 200 (7072) mmol/L (ppm) 
%NO3

- [0 to 98 (6040)]: 0, 6 (372), 20 (744), 38 (2380), 50 (3040), 98 (6040) mmol/ L (ppm) 
$SO4

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



 

 

Figure 1. Sorption isotherms for DOWEX with HCO3
- (A) and Langmuir fit (B). Sorption 

isotherms for DOWEX with NO3
- and SO4

2- (C) and Langmuir fit (D). In A and C, uptake by 

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

equilibrium loading for this anion and qt is the total ion exchange capacity of the resin (qt = 2.0 

meq/g dry resin). Initial concentrations of CO3
2-, NO3

- or SO4
2- were 10 mM, 6 mM, and 3 mM, 

respectively. The solution-to-dry-resin mass ratio varied from 50 to 1000 mL/g. Testing was 

conducted at ambient temperature. Error bars indicate the experimental error of ± 3%. 

  



 

Figure 2. Sorption isotherms for NO3
- and SO4

2- uptake at different Cl- concentrations for 

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

equilibrium loading for this anion and qt is the total ion exchange capacity of the resin (qt = 2.0 

meq/g dry resin). Concentrations of NO3
-, SO4

2-, and Cl- were 6 mM, 3 mM, and a range from 0 

– 200 mM, respectively. Testing was conducted at ambient temperature. The optimal 

Cl- concentration point chosen, 50 mM, is identified by a gold open circle. Error bars indicate the 

experimental error of ± 3%. 

  



 

Figure 3. DOWEX SO4
2- sorption (A) and Langmuir (C) isotherms for experiments with multiple 

anions present. The effect of SO4
2- loading on the final aqueous concentrations of Tc-99 and U is 

shown in panels (B) and (D), respectively. Note that Test K was performed under variable 

solution:solid ratio rather than a function of SO4
2- concentration; therefore, a direct comparison 

should not be made. The dashed line in (D) indicates the ICP-MS limit of detection for U (2.55 × 

10-7 mM). The ICP-MS limit of detection for Tc-99 is 3.74 × 10-7 mM for tests L and N, and 3.74 

× 10-6 mM for test R.  Error bars indicate the experimental error of ± 3%. 



 

Figure 4. DOWEX NO3
- sorption (A) and Langmuir (C) isotherms for experiments with multiple 

anions present. The effect of NO3
- loading on the final aqueous concentrations of Tc-99 and U is 

shown in panels (B) and (D), respectively. The dashed line in (D) indicates the ICP-MS limit of 

detection for U (2.55 × 10-6 mM). The ICP-MS limit of detection for Tc-99 is 3.74 × 10-6 mM for 

tests S and H, and 7.48 × 10-6 mM for test F. Error bars indicate the experimental error of ± 3%. 

 

 

 



 

Figure 5. Comparison between measured values and HYDROGEOCHEM model results for (A) 

SO4
2-, (B) Tc-99, and (C) U in DOWEX Test M and Test N. Reported values for KSO4--/Cl- (2.0), 

KTcO4-/Cl- (2000), and KU/Cl- (50,000) represent the K values where the root mean square error 

(RMSE) value was minimized for the specific anion and dataset used for fitting.   

 


