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ABSTRACT
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Abstract

This report summarizes the results of an experimental project designed to measure sorption
values for the key redox-sensitive radioelements uranium (U), selenium (Se), arsenic (As),
technetium (Tc), neptunium (Np), and plutonium (Pu). The experiments investigated sorption of
the elements on three substratesd two Canadian sedimentary rock types (exemplified by
samples of Queenston Shale and Cobourg Limestone) and a bentonited and were conducted in
synthetic brine solutions (SR-270-PW) and dilute solutions under low-O;, reducing conditions.

Protocols were developed to (i) ensure repeatable generation of brine solutions meeting target
compositions; (ii) ensure accurate pH and Eh measurements in the brines; and (iii) establish an
appropriate reducing environment for the experiments. Kinetics and batch sorption tests were
conducted.

Results of the sorption experiments indicated that the highest distribution coefficients (Kgs) in
brine and dilute solutions were associated with Pu and U. Sorption of Se and As was moderate
in the brine and dilute solutions. Tc and Np showed variable sorption behaviour. In a long-
running batch test, Tc showed strong sorption to limestone and MX-80, but low sorption on
shale. Measured Np sorption was low in brine solutions but strong (equivalent to that of U) in
dilute solutions. Experimental solution conditions were confirmed to be significantly reducing
and targeted Eh values were met in most cases. Where Eh values were higher than desired,
the experimental results did not indicate changes in behaviour of the elements being tested.

For some elements such as Np, Pu, and U, multiple experiments demonstrated consistent
sorption results over various conditions. Sorption in brines was lower for Np, Pu, and U than in
dilute solutions. Sorption in brine and dilute solutions was similar for As, Se, and Tc. There
was typically no significant difference in measured sorption for the different substrates
examined in these tests. With the exception of Np, it is likely that the experiments adequately
evaluated the targeted valence state for the radioelements tested [As(lll), Pu ( I 1 1 / 1 V) ,
Tc(IV), and U(IV)]. Although not confirmed by direct measurement, support for these valence
states includes preparation of stock solutions in the expected form (As), preparation based on
previously known techniques to generate reduced valence state (Pu, Se, and U), comparative
evidence for sorption of oxidized and reduced forms (Tc, U, and Pu), and comparisons of the
results to sorption values presented in the literature.

The results of the sorption experiments will be used to updatet he NWMO6s dat at
sorption values for Canadian sedimentary rocks and bentonite for use in the evaluation of
potential deep geological repository (DGR) sites.
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1. INTRODUCTION

Radionuclide transport and retardation are modelled in performance assessments for deep
geological repositories (DGRs) for used nuclear fuel. Radionuclide retardation is commonly
represented by sorption processes and, in turn, sorption is typically represented in models by
the empirically derived distribution coefficient (Kq). Commonly, Ky values are determined
through laboratory-based sorption experiments. Measured Kq values are dependent upon
several factors including properties of the element of interest, geochemistry of the groundwater,
and properties of the sorbing materials. Some of the most important factors to consider in the
development and selection of Ky values include pH and carbonate content of groundwater,
oxidizing or reducing (redox) conditions of the system and susceptibility of radionuclides to
changes in redox, specific surface area of minerals, variation of mineralogy of sorbent surfaces,
and the ionic strength of the groundwater, which may impact ion-exchange potential of elements
and interfere with the number of available sorption sites on mineral surfaces. These important
factors may also interact in complex ways to influence sorption. Thus, development of Kq
values using conditions relevant to site-specific groundwater chemistry and mineralogy is
important. Establishing reasonable Ky data for a particular element requires experimental
results that not only mimic site-relevant conditions, but also cover a range of conditions that
account for expected variations in site characteristics.

The Nuclear Waste Management Organization (NWMO) initiated the development of a
Canadian sorption database for highly saline groundwaters by conducting a review of the open
literature and international sorption databases to find the available data relevant to Canadian
sedimentary rocks and bentonite for the elements of interest for safety assessment (Vilks,
2011). This initial database is being augmented with sorption data measured experimentally for
Canadian sedimentary rocks (shale and limestone) and bentonite in saline solutions. The
sorption database supports the preparation of safety assessments and safety cases for a deep
geological repository in a Canadian sedimentary environment.

The NWMO engaged the Center for Nuclear Waste Regulatory Analyses (CNWRA®) at
Southwest Research Institute® (SWRI®) to extend a number of previous sorption tests in highly
saline waters (Vilks et al., 2011; Vilks and Miller, 2014) and address data gaps identified in
reviews of relevant sorption literature (Vilks, 2009, 2011). Project GS-301, Determination of
Sorption Properties for Sedimentary Rocks Under Saline, Reducing Conditions i Key
Radionuclides, was designed to measure sorption values for the key redox-sensitive
radioelements uranium (U), selenium (Se), arsenic (As), technetium (Tc), neptunium (Np), and
plutonium (Pu). The project plan specified that sorption values were to be measured for three
substratesd two Canadian sedimentary rock types (exemplified by samples of Queenston Shale
and Cobourg Limestone) and a bentonited in a brine solution under reducing conditions. The
results of the experiments conducted will be used to update the NWMOb&s dat abase
values for Canadian sedimentary rocks and bentonite for use in the evaluation of potential DGR
sites.

This report provides a detailed description of the technical approaches and methods used
during the course of the project. The overall experimental approach is summarized, followed by
presentation and discussion of sorption results.
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11 GENERAL REQUIREMENTS AND GOALS OF THE PROJECT

As designed, the project goals included development of sorption data suitable for use in the
NWMOb&s sor pt ifar redodsensiivb elesnents. The sorption data were to be
determined by conducting a series of batch sorption and sorption-kinetics tests to measure
sorption values for the specified elements (As, Se, U, Np, Pu, and Tc). The sorption tests would
be conducted under reducing conditions ( a t ar get o f infk &ybtitetictorine sBIttiEn)
(specified as SR-270-PW). The brine sorption tests were to be complemented by
characterization and analysis of the sorbent solids and a series of sorption tests using dilute
solutions.

An important aspect of the proposed project plan was to not only establish an experimental
setup meeting the environmental requirements for the sorption tests, but in doing so, to attempt
to conduct the experiments without the need for added reductants, which had been used
extensively in previous experiments at low-Eh conditions. The majority of potential DGRs under
study in various countries are sited in settings with groundwater/porewater compositions that
are anoxic and reducing (e.g., Andra, 2005a; Nagra, 2002; Ota et al., 2011; SKB, 2011).
Experimental studies designed to develop sorption data to support DGR safety analyses
typically include controlled-atmosphere experimental apparatuses and utilize additions of
reducing agents, not typical of the natural geologic environment, to establish low-Eh conditions
(e.g., Berry et al., 2007; Andra, 2005b).

Difficulties in establishing and maintaining a low-Eh experimental environment have been
reported (Berry et al., 2007). However, review of available literature indicated that although low-
O, gases were utilized, direct measurement of Ox(g) in the experimental environment was
typically not reported (Selnert et al., 2008, 2009; Berry et al., 2007; Huitti et al., 1996). It seems
possible that the difficulties in maintaining a low-Eh environment could be related to a lack of
accurate information regarding the actual O2(g) content of the experimental system (e.g., Huitti
et al., 1996; Selnert et al., 2008, 2009). Moreover, addition of reducing agents typically results
in significant increases in pH, and the resulting experimental solution conditions are often quite
different from the groundwater conditions of the proposed DGR environment (Berry et al., 2007).

Thus, for this study, efforts were made to develop an experimental design that incorporated
guantifiable measurements of Oz(g) and eliminated addition of reducing agents. Once an
appropriate low-O(g) and low-Eh environment was established, the target elemental valence
states would be achieved through exposure to the reducing conditions. Ultimately, this
experimental approach was not entirely successful, but the methodology does provide a basis
for alternative approaches to sorption experiments conducted under reducing conditions.

2. EXPERIMENTAL APPROACH
2.1 MATERIALS

Project materials include the solid substrates, solutions, and radioelements used in the sorption
experiments. These are described in detail in the following subsections.



2.1.1 Solids

2.1.1.1 Acquisition and Sources

Samples of the three solid substrates used in the experiments were acquired early in the
project. Sodium-bentonite commercially known as Volclay MX-80 was purchased (two packs of
~5 kg each) from the American Colloids Co. (Colony East, Wyoming). Core samples
representative of the Queenston Shale (sample DGR5-511.15 m) and the Cobourg Limestone
(sample DGR6-758.01 m) were provided by the NWMO. Both core samples were about 30 cm
in length and 8 cm in diameter, and weighed ~4 kg.

2.1.1.2 Characterization and Preparation of Solids

Each solid substrate used in the experiments was characterized to assess mineral content,
general elemental composition, and surface area. Mineralogy was assessed using X-ray
powder diffraction (XRD; Siemens Kristalloflex 805 with a D500 Goniometer). General
elemental composition was assessed using scanning electron microscopy energy dispersive
X-ray microanalysis (SEM-EDS; FEI Quanta 650 SEM with IXRF Systems model 550i EDS).
Surface areas of samples were measured using the N.-BET method (ASAP 2020,
Micromeritics). Some preliminary particle settling tests were also conducted on the bentonite to
evaluate the ability to remove solids prior to sampling.

2.1.1.2.1 MX-80 Bentonite

The two separate packages of MX-80 bentonite were labell ed A A0 and APBriortmpon r e
use, samples of both A and B were characterized separately to evaluate the material.

The MX-80 was analyzed using XRD and SEM-EDS to verify its composition and assess the
potential for any contamination. Both bulk and oriented clay samples were prepared for
analysis. The bulk fraction included a small aliquot of each sample loaded into an aluminum
mount without additional preparation. Oriented samples were prepared by mixing aliquots of the
clay samples with a 5% solution of sodium hexametaphosphate [(NaPOs)s] and doubly-
deionized water (ddH-0, 18.1 MW) in a glass beaker. The ~300-mL clay mixture was stirred,
placed in an ultrasonic bath for 20 min to separate particles, and then further diluted by adding
150 mL of the mixture to an additional 100 mL of 5% sodium metaphosphate in a graduated
cylinder. The solution in the graduated cylinder was stirred and allowed to settle for 2 hours. A
2-mL aliquot of clay and solution was withdrawn from the 10-cm settling line to gather a known
size fraction of the clay. The clay solution was vacuum-filtered onto a 0.45-mm membrane filter
and laid face down on a glass slide. After drying, the filter was carefully removed to produce an
oriented sample for XRD analysis. Some air-dried clay slides were equilibrated with ethylene
glycol vapour in a sealed flask at 60°C for 24 hours to produce ethylene glycol solvated
samples. Air-dried and ethylene glycol samples for MX-80 samples A and B were analyzed by
XRD.

In conjunction with the XRD analyses, the bulk samples of MX-80 A and B were analyzed using
SEM-EDS. After results of the XRD and SEM-EDS analyses (discussed in Section 2.1.1.3)
indicated that there were no significant differences in the two MX-80 packages, sample A was
selected for use in the experiments. Approximately 250 g of MX-80 A were transferred in a
glass jar to a low-O, atmosphere glove box for storage. An aliquot of MX-80 A was also



collected and analyzed for surface area. The MX-80 sample A was minimally processed prior to
use in the experiments. Other than storage in the controlled low-O, atmosphere, no
pretreatment or size fractionation of the MX-80 A was employed.

Prior to starting sorption experiments a settling test was conducted to confirm that preliminary
size fractionation of the MX-80 was not required. It was expected that the clay would flocculate
readily in the brine solutions to be used in the experiments, but clay settling behaviour in the
dilute solution was undetermined. Small aliquots (~2 g) of MX-80 were transferred to 50-mL
polycarbonate (PC) Oak Ridge-type centrifuge tubes into which ~30 mL of dilute SR-270-PW
brine (same concentrations as expected for use in the experiments) were added. The test tubes
were centrifuged (Thermo Scientific Sorvall™ Legend™ X1) at 10,000 rpm for 10 min to remove
all particles with an effective diameter greater than 0.1 nm. After centrifugation, the solution
was clear and free of any visible clay particles. Based on these results, there was no need for
separation of very fine clay particles from the bulk MX-80 prior to its use in experiments.

2.1.1.2.2 Queenston Shale

The core samples of shale and limestone were received from the NWMO in sealed aluminum-
Mylar® bags and kept under refrigeration at 4°C until further processed for use in
characterization and the experiments. To minimize exposure of the core to O, during early
processing, portable temporary-use glove bags (Fisher Scientific) were purchased and used
during the physical separation and processing of the core samples.

The plan for processing the cores into fragments suitable for use in the sorption experiments
was to break each core into several, approximately equal length, segments along the length of
the core. Each of the segments was then broken into smaller fragments and split. The split
samples were separated into two groups, one of which was archived and another that was
further processed.

The cores were expected to be well-indurated and difficult to break into smaller sizes. To
facilitate core splitting, a hydraulic core sample splitter (CM-10 Coremaster, Park Industries, St.
Cloud, MN) was used. The core, splitter, and expected equipment and transfer bags were
placed in a temporary glove bag filled with N, gas before opening the Mylar bag.

Upon opening the sealed aluminum-Mylar packaging, the Queenston Shale sample core was
found to have been broken into two large pieces. The break appeared fresh on visual
inspection and no evidence of mineralization or other chemical marks were found on the
fracture surface. The two pieces of the core remained closely fit together, and there was no
evidence of fine particles or residue due to rubbing of the pieces. It seems likely that the break
occurred after the sample was packed (possibly during shipping). The core samples were
carefully and minimally handled after their arrival at SwRI, and there were no events that were
obvious candidates for causing the break. The break did not have an impact in processing and
did not i mpact the coreds use in experiments.

The reddish brown shale sample was unpacked and split into nine segments using the hydraulic
core splitter. Because of scatter of very small fragments and the possible flaking of paint from
the core jaws, some the core residual was left in the glove bag to prevent the potential carryover
of contaminants. The separated core segments were packed in plastic bags, sealed, and
transferred to another N2-filled glove bag where they were further broken using hammer and
chisel into smaller pieces. The largest pieces generated had edge dimensions (on the order of



3-cm) to facilitate the next segment of crushing. The core was very well indurated. Even when
using a large hammer and chisel, the shale core was extremely difficult to fragment (especially
when striking perpendicular to laminations).

The broken core fragments were separated according to their original nine-segment splits and
were separately bagged accordingly. The broken core fragments were split into archival and
experimental components. Approximately 60% (slightly more than half by visual estimate) of
each segment-fraction was archived by transferring the material to an aluminum-Mylar bag that
was temporarily closed, transferred out of the glove bag, and heat-sealed with a roto-sealer.
Oxygen scavenging packets were also placed inside each aluminum-Mylar bag prior to sealing
to minimize any O, contamination during transfer. The sealed archival bags were labelled,
weighed, and again stored at 4°C. The remainder of the broken sample segments to be used in
the sorption experiments were transferred to plastic bags (double-bagged), sealed, weighed,
and placed in a low-O2 atmosphere glove box to await crushing. These samples were labelled
QS-1 through QS-9.

During the next processing step, the samples were transferred to lab atmosphere and crushed
using a mechanical jaw crusher (Sepor Mini-Jaw Crusher with Tungsten Carbide jaw and cheek
plates). Operation of the rock crusher was not practical inside the temporary glove bags. The
goal of the crushing was to produce a sample composed of coarse sand-sized particles. During
initial crushing, one carbide steel jaw fractured. This required a halt of the sample crushing
while a replacement component was ordered and installed. Examination of the crushed sample
revealed the possibility of some steel contamination, but the sample grain size was adequate.
The initial crushed sample was discarded, and the remaining samples were processed using the
new carbide steel jaw. The crushed samples were packaged separately by original segment
number (QS-1 through QS-9) and each was analyzed by XRD and SEM-EDS. Prior to the
analyses, aliquots of each sand-size fraction were further crushed to a powder using a synthetic
sapphire mortar and pestle (Diamonite™, Fisher Scientific).

Following crushing and XRD analyses, the core samples were consolidated into one large
aliguot and sieved using a rotary sieve shaker (Ro-Tap®, W.S. Tyler) and stainless steel sieves
to create four size fractions: >0.5 mm (retained on a No. 35 sieve); 0.5 to 0.25 mm (passing
through a No. 35 and retained on a No. 60 sieve); 0.25 to 0.074 mm (passing through a No. 60
sieve and retained on a No. 200 sieve); and a fine fraction < 0.074 mm (passing through the No.
200 sieve). The specific surface areas of the three smallest (all but the >0.5-mm) size fractions
were measured using N.-BET analysis. The size fractions were placed in glass jars, and the
target fraction for the experiments, the consolidated 0.074i 0.25 mm fraction, was transferred
and stored in the low-O; atmosphere of the glove box.



2.1.1.2.3 Cobourg Limestone

The Cobourg Limestone core and samples were processed in a manner similar to the shale
core. The Cobourg Limestone core was split into 10 segments initially. Sample splitting,
archiving, crushing, sieving, and preparation for XRD and SEM-EDS analyses were conducted
in the same way as was done for the shale. One primary difference was that the core splitter
was used to disaggregate the core segments into smaller pieces prior to use of hammer and
chisel. This made breaking the core segments into smaller pieces easier and minimized the
required use of hammer and chisel. The final 0.0747 0.25 mm size fraction was stored in a low-
O atmosphere glove box prior to use.

2.1.1.3 Results of Solids Characterization Analyses
2.1.1.3.1 MX-80 Bentonite

The results of XRD and SEM-EDS analyses confirmed the presence of sodium montmorillonite
along with trace amounts of quartz and illite in the MX-80. There were no significant differences
in the mineralogy and general elemental make-up of the two samples. Bulk XRD results (Figure
1) of both the MX-80 A and B samples indicate a montmorillonite-dominated mineralogy and
very similar diffraction patterns. The patterns were also consistent with previous XRD analyses
of the MX-80 (e.g., Vilks et al., 2011). The associated SEM-EDS results (Figure 2) are
consistent with the minerals observed in the XRD pattern.

The air-dried and ethylene glycol-solvated oriented sample results (Figure 3) are indicative of
Na-montmorillonite and reveal the characteristic changes in interlayer spacing resulting from the
ethylene glycol saturation observed for MX-80 in previous studies (e.g., Carlson, 2004).

The N.-BET measured specific surface area of the MX-80 A sample was 26.2+0.2 m?/g.
Preheating of the bentonite sample was limited to 200°C for all samples to minimize any
potential effects on the mineral structure. Although some changes may have occurred even at
that temperature, some studies have indicated that changes are minimal for some bentonite up
to 250° C (Macht et al., 2011) and the measured value was consistent with other MX-80 surface
area measurements (e.g., Bradbury and Baeyens, 2011; Vilks et al., 2011).

2.1.1.3.2 Queenston Shale

Results of the XRD and SEM-EDS analyses indicated that the sample fractions were all
extremely similar, and the mineral makeup of the fractions was consistent with previous
investigations (e.g., Skowron and Hoffman, 2009). The shale XRD patterns exhibited peaks
associated with calcite, ankerite, quartz, dolomite, clinochlore, and illite, as exemplified by the
results of analyses for sample QS-8 (Figure 4). SEM-EDS analyses produced results of
elemental concentrations (as weight percent) consistent with the mineralogy revealed by the
XRD analyses. A summary of the SEM-EDS analysis for all Queenston Shale samples is
shown in Table 1. The variance in elemental composition between the samples is small with the
exception of sulphur, which has a relatively high standard deviation (s). This value is biased by
samples QS-3 and QS-4, which have a measured weight percent of sulphur of 1.42 and 2.98,
respectively, while the other samples average 0.22+0.1 weight percent sulphur. A comparison
of the XRD patterns of QS-4 (Figure 5) and QS-8 (Figure 4) shows an additional peak at ~25.5°
2q in the QS-4 sample that does not exist in the QS-8 sample pattern. This peak is consistent
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Table 1: Summary of the Elemental Composition of Queenston Shale Samples

Average weight Average weight percent (wt%)
Element percent (wWt%) 1s (wt%) with QS-3 and QS-4 excluded
(n=9) (n=7)
Na 0.71 0.07 0.83
Mg 4.03 0.15 4.61
Al 14.28 0.26 15.70
Si 39.29 0.83 42.31
S 0.71 1.01 0.22
Cl 1.77 0.09 1.67
K 7.32 0.16 6.70
Ca 23.32 1.33 20.97
Ti 0.77 0.05 0.65
Fe 7.81 0.66 6.35
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Figure 4: XRD Pattern of Queenston Shale Sample QS-8. The Results Indicate the
Shale is Composed Primarily of Quartz, Calcite, Ankerite, Dolomite, Clinochlore, and
lllite. With Minor Exceptions (See Text for Discussion), XRD Patterns for Other
Samples are Similar
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Figure 5: XRD Pattern of Queenston Shale Sample QS-4. Higher Measured
Concentration of Sulphur in Sample QS-4 is Likely a Result of the Presence of Minor
Anhydrite in These Samples. Peak of Anhydrite (at ~25.5° 2q) is Shown by the A in the
Figure. Anhydrite was not Identified as a Constituent in the Original XRD Analysis in
Sample QS-8

with that of anhydrite (not identified in the original XRD analysis), which has been previously
identified in analyses of the Queenston Shale from other DRG cores (Hobbs et al., 2011).

Measured N2-BET surface area for the composite Queenston Shale sample used in the
experiments (0.0747 0.25 mm fraction) was 10.3+0.05 m?/g, which is consistent with the value of
11.5 m?/g reported by Vilks et al. (2011).

2.1.1.3.3 Cobourg Limestone

Like the shale, results of the XRD and SEM-EDS analyses of the samples from the Cobourg
Limestone indicated that the fractions were all extremely similar, and the mineral makeup of the
fractions was consistent with previous investigations (e.g., Skowron and Hoffman, 2009; Vilks et
al., 2011). As the XRD pattern from sample CL-1 indicates, the limestone is primarily composed
of calcite with minor amounts of dolomite and quartz (Figure 6). Elemental compositions
produced by the SEM-EDS analysis are consistent with the mineralogy. A summary of
elemental composition (in weight percent) for all analyzed samples is shown in Table 2.
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Table 2: Summary of the Elemental Composition of Cobourg Limestone Samples

Average weight percent (wt%)

0
Element (n=6) 1s (wt%)
Na 0.32 0.01
Mg 2.40 0.31
Al 3.02 0.99
Si 8.29 2.81
S 0.34 0.18
Cl 0.43 0.07
K 1.57 0.53
Ca 82.16 4.63
Ti 0.25 0.05
Fe 1.54 0.19
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Figure 6: XRD Pattern of Cobourg Limestone Sample CL-1. The Limestone is Primarily
Composed of Calcite with Minor Dolomite and Quartz. Although not Identified in this
Analysis, Other Minor Peaks are Likely Associated with the Presence of Trace lllite

(Skowron and Hoffman, 2009)

The measured N»o-BET surface area for the composite Cobourg Limestone sample used in the
experiments (0.0741 0.25 mm fraction) was 2.6+0.01 m?/g, which is consistent with the value of

2.9 m?/g reported by Vilks et al. (2011).
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2.1.2 Brine Solutions

The experimental solutions to be used in the sorption tests were specified by the NWMO in the
project guidelines. The target brine composition was that of SR-270-PW, a synthetic brine
calculated to mimic pore water compositions in deep boreholes and representing the
sedimentary rock environment of a potential waste repository. A summary of the SR-270-PW

composition is provided in Table 3.

Table 3: SR-270-PW Chemical Compaosition

Water Type: SR-270-PW

Concentration

Concentration (mg/L) as

Solute (mg/L) targeted for the project
Na 50100 50100
K 12500 12500
Ca 32000 32000
Mg 8200 8200
HCO3 110 110*
SO, 440 440
Cl 168500 168500
Br 1700 1700
Sr 1200 1200
Li 5 0
F 2 0A
I 3 o*
Br 80 o*
Si 4 04
Fe 30 30
NOs <10 0A
PO, low 0
TDS (mg/L) 275000 275000
Nominal pH 6 6*
Nominal Eh (mV) -200 -200

*HCOs concentration is understood to be variable and dependent on the partial pressure
of CO2(g) in equilibrium with the solution. Likewise, the equilibrium pH is dependent in

part on the HCOs concentration.

AThe NWMO project guidance noted that minor ions (in the shaded cells) could be

excluded from the experiments.

For the project, target concentrations of solutes were based on the provided composition of the
SR-270-PW water. Minor solutes such as Br and NO3 were not required to be included in the
experimental solution preparation. As a result, several solutes were purposefully omitted from
consideration (as listed in the shaded cells of Table 3) for project purposes. A recipe consisting
of several chemical compounds was developed to meet the target concentration goal for each
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270-PW value. Although the mass of NaHCO3 required to achieve the target HCO3
concentration was included in subsequent recipes, it is well known that the final HCO3
concentration is/would be determined by the partial pressure of CO(g) in equilibrium with the
solution. For the pH and HCO3; concentrations provided by the NWMO, the calculated
equilibrium atmospheric concentration of CO2(g) required is ~1% by volume (10,000 ppm). The

on



14

initial project plans included concentrations well below that level (~400 ppm), but it was
anticipated that additional experiments would include tests at higher concentrations. As will be
discussed later, the experimental design and apparatus setup unexpectedly resulted in very low
CO2(g) concentrations.

A matrix was developed to calculate the recipe and the appropriate mass of compounds
required to achieve the target concentrations of solutes. First, using the target concentrations
and gram formula weights for each element, the required number of moles of each element was
determined. Several water soluble compounds (primarily salts) containing the required
elements were identified, and these were paired with the required moles for each element to
calculate the mass of each compound required to make 1 L of the brine solution. A summary of
the recipe types used during the project is provided in Table 4.

Table 4: Mass of Compounds Used to Prepare Brine Solutions

Mass (g) required to make 1 L of

Compound stock brine solutio_n_ Fina:jllc?r_der of
Initial Recipe MOd'.f'Ed addition
Recipe
KCI 22.2485 22.2485 1
NacCl 126.7194 126.7194 8
CaCl.A 2.8 117.3828 117.3828 7
MgCl,A 6.8 68.5901 68.5901 6
SrCl,A 6.8 3.6515 3.6515 4
NaHCO;3; 0.1514 0.1514 3
NaxSO4 0.6506 0.3253 5
KBr 2.5318 2.5318 2
Na.S A 9 ‘ 0.5500 oy
FeCl:A 6,82 0.1453* 0.14534

Alron was not added to early solutions and was added to only a few solutions during the
project. When added, the quantity and form were as listed here.

YA combination of sulphate and sulphide was added to some solutions. When used, the
sulphide was added last.

To prepare the brine (SR-270-PW equivalent) solutions, certified ACS reagent-grade chemicals
were purchased from quality assurance-approved suppliers and mixed with Type | reagent-
grade, double deionized water (ddH.O, 18.2 MW, Barnstead Nanopure). In general, chemical
compounds were added in quantities sufficient to make 1 L of brine solution (using the Table 4
recipes). When greater amounts of brine stock solution were required for experiments, several
1 L batches were prepared and combined to make a large batch.

Part of the project requirements also included conducting some sorption experiments under
similar reducing and low-O- conditions but using a dilute solution. To prepare dilute solutions,
approximately 4 mL of brine were diluted to 2 L using ddH20. The resulting dilute solution was
estimated to be about 550 ppm TDS.

A series of test solutions was prepared to evaluate the recipe efficacy and to establish a
repeatable procedure for generating the brine solution. During the preparation of each solution,
care was taken to note possible precipitation, behaviour of the solutions after addition of each
component, and difficulty in dissolving each compound. Following the preparation of each brine
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or dilute solution, samples were collected for chemical analysis to verify the composition and
concentration of solutes. Solids or other precipitates were also sampled and analyzed as
needed to assess and potentially modify the preparation process. As solution preparations
progressed during the course of the project, the methodology was altered several times to
determine the most reasonable and repeatable preparation process. Some examples of
method tests and changes include modification of the order of chemical additions, altering the
form of compounds used, preparing solutions under different atmospheric conditions, evaluating
effects of heating, and gas sparging of the water prior to mixing. A summary of brine solutions
prepared during the project is provided in Table 5.

The initial brine solutions (1 and 2) were prepared to evaluate in detail the success of achieving
target solute concentrations. During the mixing of Solution 1, solubility problems were observed
and there was some residual precipitate or undissolved salt even after a few days. A second
brine was immediately prepared using a different sequence of addition for the chemical
compounds. Precipitates were again observed. Each solution was filtered using a qualitative
P5-grade cellulose filter (Fisher Scientific). The solids from both Solutions 1 and 2 were
collected and analyzed chemically and by XRD. Aliquots of both solutions were also collected
for chemical analysis.

Chemical analyses of the brine solutions indicated that concentration targets for all solutes with
the exception of sulphate and bicarbonate were achieved within 10% (average of 97% and 95%
of the desired concentrations for Solutions 1 and 2, respectively). Sulphate concentrations were
about 70% of the target, while HCO3 concentrations were about 15% of the target. As
mentioned previously, the HCO3; values were expected to be driven by CO2(g) in the
atmosphere. Geochemical equilibrium modelling using PHREEQCi (Parkhurst and Appelo,
2013) and the PITZER database calculated an HCOs3 concentration equivalent to that measured
in the chemical analyses for Solutions 1 and 2 (measurements were 90% of calculated value).
Subsequent chemical testing following brine preparations indicated consistent results for HCO3
(e.g., the measured values were as predicted by modelling, and dilute and brine values were the
same, as expected for equivalent atmospheric exposure); thus, this parameter was not tracked
in analyses for later solutions. The low sulphate concentrations were more problematic,
although sulphate is a relatively minor component (0.16% by mass) of the overall composition of
the brine. Results of the chemical analyses of the precipitates from Solutions 1 and 2 were
dominated by sodium, calcium, chloride, and sulphate and indicated there was a relatively large
percentage (~12% by mass) of sulphate in the precipitates. Additional mass balance
calculations indicated that 90-96% of the sulphate mass was accounted for when combining
brine solution and precipitate values.

Analyses of the Solution 2 precipitate by XRD proved difficult because of the highly deliquescent
nature of the salt solids. However, the results indicated the presence of halite and sodium and
calcium sulphate minerals (Figure 7). The loss of sulphate through precipitation improved only
moderately despite the modification of the addition of sulphur to include sulphide (50% of S
mass through sulphate and the remainder as sulphide). During preparation of subsequent brine
solutions, additional methods such as sparging the ddH»O prior to mixing and modifying the
order of compounds improved the recovery of sulphur in solution to near 90%.
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Table 5: Summary of SR-270-PW Preparations

Solution

Type

Notes

1

10

11

12

13

14

Initial test solution to evaluate recipe
and mixing process

Lab atmosphere, ddH,O (distilled
deionized water, 18 MW), precipitate
noted and analyzed

Second test solution to evaluate
order of chemical addition, mixing
method

Lab atmosphere, ddHO, precipitate
analyzed chemically and by XRD

Evaluation of using reduced form of
sulphur in recipe

Higher initial pH as expected, analysis
of sulphide difficult. No impact
observed.

Evaluation of mixing atmosphere,
use of reduced sulphur, addition of
iron

ddH>O N»-sparged, mixed in glove box
under low O3, black precipitate when
iron incorporated, chemically analyzed
precipitate by XRD, pH 8.26

Evaluation of iron addition with
sulphate only

ddH20 Nz-sparged, glove box, orange
precipitate, Eh* 440 mV after 3 weeks in
glove box, pH 7.66

Sodium sulphide and sulphate
(prepared the same as solution 4).
Dilute solution also made. No iron.

ddH20 Na-sparged, filtered, first scoping

experiments. Modification of glove box

atmosphere to include H,. Eh 80 mV,
pH 9.04.

Sulphate only. Dilute solution also
made. Order of ingredients
adjusted. No iron.

Lab atmosphere, Nz-sparging, glove
box and bench top versions used in
experiments. Continued scoping
experiments. First element samples.

Sodium sulphide and sulphate.
Dilute solution also made.

Lab atmosphere, N2-sparging.
Equilibration and initial sorption
experiments (Tc-kinetics).
Eh brine 6100 mV, pH 7.6

Sulphate only

Lab atmosphere, N2-sparging. White
flaky precipitate noted. SEM-EDS
analyses revealed Teflon contamination
from stir bar erosion. Method adjusted.
Analyzed but discarded.

Sodium sulphide and sulphate

Lab atmosphere, N.-sparging. Greenish
precipitate. Analyzed but discarded.

Sulphate only. Dilute version made.

Lab atmosphere, Nz-sparging. Filtered.
Extended experiments.

Sodium sulphide and sulphate.
Dilute version made.

Lab atmosphere, N>-sparging. Filtered.
Extended experiments.

Brine and dilute versions. Sulphate
only. Larger volume made (4L).

Lab atmosphere, N>-sparging. Filtered.
Used for bulk of initial experiments.

Brine and dilute versions. Sulphate
only. Larger volume made (4L).

Lab atmosphere, Nz-sparging. Filtered.
Used in batch experiments.

A Ox i eedtciioo potential (ORP) measurements were made using a HACH 5048 (Ag/AgCl) electrode. The
observed ORP (mV) values at time of measurement have been converted to Eh (mV) relative to the standard
hydrogen electrode (SHE).
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Preparation of brine Solutions 3 through 5 evaluated additional components of the solutions
such as pH and oxidation-reduction potential (ORP, or redox) and the addition of iron.
Unfortunately, the selection of FeClsA 6.8 as a source of iron resulted in some form of iron
precipitation. A dark-coloured precipitate that formed during mixing of brine Solution 4 was
collected and dried, then analyzed by XRD. The results revealed the presence of significant
calcium carbonate phases along with possible evidence of an iron sulphide phase (Figure 8).
Results of chemical analyses of brine Solutions 4 and 5 indicated recovery of about 50% of the
added iron. Based on the difficulties of iron mixing and loss, iron was excluded from
subsequent brine preparation. Although the lack of iron in solution could impact the redox
behaviour of the experimental system, it was noted that each substrate contained some
measureable concentration of iron. Thus, the exclusion of added iron in solution was
determined to be acceptable.

Measurements of pH and ORP for Solutions 3 through 5 indicated higher than expected redox
conditions even after significant solution equilibration time in the low-O; glove box atmosphere.
Measurements of Eh! were consistently on the order of +440 mV even when sulphide solid was
added as part of the recipe. Measurements of pH reflected the higher pH values caused by the
addition of sodium sulphide, but ORP values did not respond accordingly. Some scoping tests
were conducted (discussed later in the experimental section) to evaluate the addition of
Na>SAH,0 solution following brine preparation under low-O; conditions, but the reduction of
ORP values was less than optimal. Only after modifying the glove box gas mixture to include H-
did measured ORP values for the brine solutions decrease to acceptable values.

Brine Solutions 6 through 14 were prepared to support experimental work. Both sulphate-only
and sulphate-sulphide solutions continued to be prepared to evaluate any potential impacts
those compositions might have on experiments. Results of sorption tests indicated no
discernable differences resulting from the sulphate-only or sulphate-sulphide solution
preparation. Sulphide species in solution, either formed by the reduction of sulphate or added
via sodium sulphide, can react with iron present in the solid substrates or iron in solution to form
iron sulphides, which might enhance the measured sorption (Berry et al., 2007). For the
sorption experiments in this study, iron was not added to either the brine or the dilute solutions.
Furthermore, Berry et al. (2007) indicated that the presence of sulphide did not have a
significant impact on their sorption results. In general, solutions were prepared using N-
sparged ddH»O to remove as much O as possible before transfer into the low-O- glove box
atmosphere and were filtered to remove any potential precipitates (although the presence of
precipitates diminished in subsequent preparations). Using a standard dissolved oxygen probe
(Oakton DO6+ meter and probe), dissolved oxygen was not detectable (0.0 mg/L) in the N»-
sparged solutions prior to addition of chemicals. Once prepared, the brine solutions were
transferred to a glove box and sparged with gas from within the glove box to equilibrate the
solutions. Chemical analyses of the solutions indicated consistent achievement of target solute
concentrations (typically on the order of 95-102% of targets). An example of chemical analytical
results for a brine solution (Solution 11) is provided in Table 6.

1 Measurements of ORP were conducted using a HACH 5048 (Ag/AgCl) electrode. The observed ORP (mV) values
were converted to Eh (mV) values relative to the standard hydrogen electrode (SHE). All ORP or Eh values
presented in this report are given as Eh (mV SHE).
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Figure 7: XRD Analysis Results for Precipitate Solids Collected during Preparation of
Brine Solution 2. The Presence of Sulphate Mineral Forms is Consistent with the Low

Recovery of Sulphate in the Initial Solutions

Table 6: Chemical Analyses Results for Solution 11 Brine (11B) and Dilute (11D) Mixtures

%

Calculated 11B 11D % Recovery %
Compound  brine ppm  Calculated Brine Diluted Recovery brine SR-270-PW
based on dilute ppm results results for dilute using target for
mass added (ppm) (ppm) solution mass brine
added

Na 50096.3 100.2 48800 98.5 98.3 97.4 97.4
Cl 168939.5 337.9 167000 335 97.1 98.9 99.1
Mg 8197.6 16.4 7670 15.7 95.8 93.6 93.5
K 12498.8 25.0 12100 24.3 97.2 96.8 96.8
Sr 1200.0 2.4 1150 2.39 99.6 95.8 95.8
Br 1699.9 3.4 1660 3.55 102.6 97.6 97.6
Ca 31996.5 64.0 30100 62.5 97.7 94.1 94.1
SOq 440.1 0.9 409 0.794 88.7 92.9 93.0
HCOs 109.9 0.2 12.8 <1.02 11.6 11.8~
S 146.9 0.3 137 0.304 103.5 93.3 93.3

AHCO3 concentration determined by atmosphere. Target not applicable.




