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1. Introduction

Atomic Energy of Canada Limited (AECL) has made a proposal to make a permanent nuclear waste storage facility in the Canadian Shield. If the disposal vault were to leak, the radioactive materials would enter the groundwater, and might go to the surface to threaten the surface ecosystem. Therefore, the ability of rock minerals to slow down or completely prevent the movement of radionuclides leaking into ground water is an important part of the multibarrier proposal for nuclear fuel waste.

 
In 1997, a tracer test study was carried out which involved injecting sodium iodide (NaI) into one borehole and pumping out water from a second borehole (Gascoyne and Watson, 1997). Samples taken from second borehole at different times were analyzed. The result of this experiment suggested that there was lag of the sodium peak compared with the iodide peak. There might have been some complications during the analysis that led to this appearance, but if this is real, it is possibly due to the ion-exchange reactions on the rock itself and on mineral infilling fractures. These interactions are the focus of our experiment.

Cations, which are positively charged particles, exist naturally in the groundwater and the rock. When there is too much pressure exerted on water, the water will go upwards through the fracture of the rock. As the rock contacts with water, the cations in the water will be bound to the rock and replace the cations on it. Therefore, all the replaced cations on the rock will go to the water. This phenomenon is called cation exchange and it occurs spontaneously between groundwater and rock.

The purpose of the present study is to examine the effects of surface area and the ability of different mineral infillings to exchange or absorb various non-radioactive metal ions on rock material from AECL’s Underground Research Laboratory (URL). For the study, samples of fractured, unfractured, altered, and unaltered rocks (obtained from URL core storage) were crushed and sieved. Then four different fractions of rock samples were placed in contact with ionic solutions (NH4CH3COO(aq) and KCl(aq)) and analyzed for the sorbing ion (Hendershot, Lalande, Duquette, pers. comm.).

The ion exchange chromatograph is the main instrument used in this experiment. It separates the ions and measures how many ions there are in the solution (Section 2.4.3). The Cation Exchange Capacity (CEC) is then calculated by hand. Comparisons between each ion exchange chromatogram will also be used to find the trends of the influences of surface area and mineral infillings.

2. Materials and Methods

2.1
Rock Selection

Selection of rock samples is the essential step. Five different kinds of rock samples were selected from the Underground Research Laboratory (URL) and in addition a sample of unaltered grey granite was obtained to treat as a reference. Details of rock samples are listed in the Table 1.

Table 1  Description of rock samples from the URL for CEC
Code Name
Classification
Location of origin
Depth
Description

Cory
unaltered pink granite 
MF8
262.88m ~ 266.02m
taken from 240m level, cylinder-shaped, from core

Mabe
highly altered clay covered pink granite rock 
HC31
260.49m and below
visibly covered with clay, gathered in 3 pieces, from core

Ben
Bentonite 
*N/A
*N/A
black and has rubble in it

Rocky
pink granite (relatively unaltered)
surface
surface
Covered with moss, lichen, and dirt, from surface boulder

Chad
pink granite (fractured with mineral infillings)
MF8
297.06m ~ 297.26m
white colored infillings, gathered in 3 pieces

Stan
unaltered grey granite 
unknown 420m
420m level
1 huge piece of rock, collected from the surface dump 




*N/A = not applicable


2.2
Rock Crushing and sieving

2.2.1 Apparatus:

Splitter, jaw crusher, plastic container, shatterbox, stack of sieves, sieve shaker, a piece of parafilm, rock samples, jars


2.2.2 Methods:

The basic idea of crushing rocks is to divide each rock into equal amounts of size fractions for >8 mesh, 8 ~ 20 mesh, 20 ~ 100 mesh, and <100 mesh by using different machines, because to test the influence of surface area on CEC is one of the aims of this experiment.  For each rock, it was splitted  by splitter into pieces approximately the diameter of a golf ball or less first. When all the rocks were splitted into fair sizes, they were dropped into the jaw crusher to break into smaller pieces. As all the pieces have been fed through the jaw crusher, the tray from underneath was taken to the shatterbox. There are two gaps between the rings in the tray of the shatterbox that is where the rock pieces were placed. After enough rock pieces were poured into the shatterbox, the lid was replaced and the cover was latch tightly. Then, the shatterbox is turned on for about 15 seconds. The shatterbox crushes rock pieces into very fine size, that is mainly the source of 20-100 mesh and <100 mesh came from. The shatterbox off was then turned off and the fine rock was emptied into a plastic container. Using shatterbox to crush rocks were done many times.

When all the remaining rock has gone through the shatterbox and is in the plastic containers, the plastic container was emptied onto an appropriate stack of cleaned sieves. The stack of sieves consist of a bottom tray, a 100-mesh, a 20-mesh, an 8-mesh, and a cover. The purpose of that design is to separate rock samples into different sizes. Once the rock has been added into the 8-mesh tray and the top has been put on, the stack of sieves were placed into the sieve shaker. The sieve shaker was turned on for about five minutes each time when there was sample need to be sieved.. The sieve shaker was then turned of and the sieves were removed carefully. Finally, the sieves were separated and the fractions were poured onto a clean piece of parafilm. Each fraction was brushed into a storage jar and was labeled with the rock name, rock size fraction, the date of crushing, and the name of crusher. For the other three fractions, the same procedures were done.


2.3
Rock Filtering

Rock filtering simulates the cation exchange underground. It is also the preparation for the chromatograph analysis. There are two main parts for rock filtering: the water wash and KCl and NH4CH3COO rinses


2.3.1
Water Wash

 2.3.1.1 Apparatus:

 Nalgene disposable plastic filter (Figure 1), vacuum, lab oven, lab scale, and rock samples

 2.3.1.2 Reagent:

 Distilled deionized water

 2.3.1.3 Methods: 

The reason for water wash is to clean dirt and unbound ions on the rock. Approximately 50g of each rock fraction was weighed to be washed by distilled deionized water. Because distilled deionized water does no contain free ion, so when it contacts the rock, there will not be any ion exchange occurring. A vacuum was applied to get rid of all the water completely each time. The filter was placed in an oven at approximately 80 degrees to dry for 24 hours after all the water was sucked through. 

2.3.2  NH4CH3COO and KCl rinses

2.3.2.1 Apparatus:

Glass test tubes, lab scale, parafilm, vacuum, Millipore filtering funnel (contains 0.22痠 filter) and filtering flask, volumetric flask (100mL), medicine dropper, storage bottles, hot plate, steel beaker, (filtering apparatus are shown in Figure 2)

2.3.2.2 Reagents:

1.0M ammonium acetate solution, isopropyl alcohol (2-propanol), 1.0M potassium chloride solution, 1.0M hydrochloric acid, distilled deionized water

2.3.2.3 Methods:

Approximately 30g  (exact mass was recorded) of the dried rock was weighed into a labeled test tube. Then 25mL of 1.0M ammonium acetate solution was added (NH4CH3COO(aq)) to each test tube to simulate ion exchange underground. Each test tube was covered with parafilm and was shaked to insure all the rock is exposed to the solution. After leaching for about 24 hours. all the bound ions on the rock should be exchanged to the NH4CH3COO(aq). The next day, each test tube was shaked once more before it was poured out. Contents were pour into a filtering funnel then. Rinse the test tubes with NH4CH3COO(aq) were required for most fine size fractions, because they did not pour in easily, they stuck on the wall of the test tube. A vacuum was applied to drain NH4CH3COO leachate completely. A loosen the rubber stopper in the filtering flask procedure was done to release the vacuum before adding more solution. Because if this step was not done, when adding more solution, it will keep dripping down since the vacuum is still in the filtering flask. After the stopper is loosened and retighteded, just enough NH4CH3COO(aq) was poured to cover the rock into the funnel. Approximately one minute later, a. vacuum was applied to drain. The filtrate was transferred from the filtering flask to a volumetric flask after it has drained completely. Because there is always some filtrate still in the  filtering flask so NH4CH3COO(aq) was used to rinse it into the volumetric flask. The volumetric flask was filled to the line then with NH4CH3COO(aq) using a medicine dropper to get an accurate volume and a uniform concentration for all the samples. The flask was shaked and the contents was transferred into a clean storage bottle and labeled as mentioned in the Rock Crushing and Sieving section but NH4CH3COO rinsed was indicated  this time. In order to get more precise results when analyzing the Leach 2, isopropyl alcohol (2-propanol) was used to cover the rock in the filtering funnel after resetting the filtering apparatus. A vacuum was applied in 1 to 2 minutes. This was done twice for each rock sample. Filtrate of 2-propanol is useless so it was discarded afterwards. All the filtering apparatus was rinsed out with distilled deionized water except the filtering funnel. After that, enough potassium chloride solution (KCl(aq)) was added to the filtering funnel to cover the rock. A vacuum was applied to drain completely in 2 to 3 minutes. The purpose of collecting the KCl leachate is to confirm the number of cations that have exchanged. Because there is a large number of potassium ions, they can exchange with ammonium ions on the rock so we can assume that essentially all the ammonium ions will be exchanged to the KCl(aq). This was done twice. Next, the filtrate was transferred from the filtering flask to a clean volumetric flask. Because some KCl laechate still left in the filtering flask so it was rinsed into the volumetric flask with KCl(aq). The volumetric flask was filled to the line with KCl(aq) using a medicine dropper to get the uniformity of each potassium leaching. Each leachate was transferred into a bottle and labeled with KCl leachate.

For each NH4CH3COO leachate, it was poured into a large steel beaker and evaporated to dryness at high heat. The purpose is to get rid of interference of the ammonium ions on the chromatogram and get more obvious results when analyzing them. The hot plate was turned off after the dry solid at high heat for approximately half an hour. The dried solid was re-dissolved by rinsing in distilled water into a 100mL volumetric flask. 2mL of 1.0M hydrochloric acid (HCl) was used to aid in dissolving all of the solid. After that, all re-dissolved samples were pour in labeled bottles (this time they were labeled REDISSOLVED).


2.4
Ion Exchange Chromatograph

2.4.1 Apparatus:

Ion Exchange Chromatograph (composed of an ELDEX pump, Rheodyne 7010 injector, ALTECH 100mm x 4.6mm column, DIONEX detector, DIONEX CSRS-ULTRA supressor, and integrator)

2.4.2 Reagents:

Eluant solution (2.5mN HCl and 0.5mN DAP), regenerant (Tetrabutylammonium Hydroxide)

2.4.3 Methods:

Load in the sample solutions and press the remote button on the integrator. Make sure everything is ready and the previous sample has run through. Press the inject key on the keyboard of the integrator so that the sample solution will mix with the eluant solution and be pushed towards the column. The column through which the solution is passed contains a resin with either positively or negatively charged groups that will bind ions of the opposite charge (for this experiment, the column contains an anion resin) in the solution. Because different ions have a different mass and electronegativity, some bind more or less strongly compared to the others and some pass through the column more quickly than others. These unique characteristics of different cations mean it is possible to have each ion fraction pass through separately, one after another. As the cations pass through the column, they go to the supressor in an excess of eluant solution. Since the hydrogen ions (H+) of the eluant solution also conduct electricity, therefore they will give a signal which may drown out or mask the signal of the ions we are analyzing for. A special designed membrane in the supressor allows H+ ions to pass out into the regenerant without the regenerant entering the sample solution. The purpose of this is to allow for some of the excess H+ ions from the acid to be removed to the regenerant and react with the hydroxide ions (OH-) in it. The chemical reaction is as following:

H+(aq)  + OH-(aq) ( H2O(l)
Since the water has a low conductivity, so it will allow desired peaks to be more clearly distinguished. After the supressor, cations go to the detector. The detector is a conductivity cell. It measures the conductivity of each cation fraction and sends a message to the integrator to graph them. The integrator then measures the area under the curve resulting from the conductance change and converts this into a measure of concentration (Figure 3 shows a block diagram of how ion exchange chromatograph works). In this way, all the information from different cations is presented by the chromatogram (example in Figure 4). Record all the results in the quality assurance/sample analysis documentation sheet and calculate the deviation to see if the results are fairly accurate. If the results are fairly accurate, the CEC of each sample from the raw data is then calculated.

2.4.4 Calculation


Duplicate Ratio = original CEC determined / duplicate CEC determined



-This is an indication of analytical stability. Values should be in the range 0.95 to 1.05
Mean concentration for standard solutions = average the concentrations of each ion 

in the standard solutions

Relative Deviation = {mean[ion] / actual[ion]} / actual[ion] * 100%



-This is a measure of how far measured ion concentrations are from theoretical. Values should be in the range -5% to +5%.

CEC = {([ion] x 100/1000) x (100g / actual rock mass)} / molecular mass (then x1 or x2 to correct for valence of the cation)

3.  Data Processing

3.1
Data Selection


Not all the raw data in the quality assurance/sample analysis documentation sheet were used. It is mainly because some of the samples really made huge peaks so that not the entire peak was shown in the chromatogram. Dilution for these samples was done by 1:2, 1:4, 1:5 …  and even 1:100. The peaks usually can be shown in the 1:5 dilution. Some high CEC examples like Ben, using 1:100 dilution was very often. If every peak was very fitly shown in the chromatogram, a duplicate of same sample was used to find the deviation. The deviation is best at ±5%, however, ±15% was really almost as good as can be got in this experiment. 
3.2
Data Graphing

There are five ions we expect to see in the samples, which are lithium ions (Li+), sodium ions (Na+), potassium ions (K+), magnesium ions (Mg2+), and calcium ions (Ca2+). After selecting the best data, all of these results and in addition a total CEC of four different size fractions are loaded into a spreadsheet program to be interpreted as graphs (Figure 5 and Figure 6). By referring to the graphs, we can more easily see the trends of the influences of surface area and mineral infillings.

4.  Results and Discussions


Results of the CEC measurements are given in Table 3.1, 2, and 3. The CEC values determined by both methods (NH4CH3COO and KCl leachates) are shown in the shaded cells in Table 3.1, 2, and 3. The mean and deviation for one of the four meshes are calculated for samples code named Stan, Mabe, Cory, and Chad based on the duplicates ran of these samples. Each of them has a deviation approximately ±20% (Table 2).

Table 2   Deviation and mean for rock samples in one of the four meshes


Mean (meq/100g)
Deviatiion (%)

Stan >8
0.40
7.6

Rocky
No duplicate
No duplicate

Mabe >8
1.14
31.6

Chad 8-20
0.28
15.3

Cory 20-100
1.24
23.9

Ben 8-20
35.07
4.4

4.1
 CEC versus size fraction for each cation in Leach 1

It was believed that the dominant cation exchanged for the leach 1 would be Ca2+ for all samples (Watson, 1997). However, from the results obtained this turned out not to be the case. According to the results on Table 2, only Stan, Rocky, and Mabe show this pattern. In general, the CEC for the < 100 mesh are dramatically higher than other meshes. Most of this rise is K+ for Chad and Cory. It is thought that because most of the clay substances were crushed into this finest disseminated size fraction, because clay is much softer than the granite rock so in the same amount of time there is more clay can be crushed into finest size fraction than granite rock. We think the clay in the <100 mesh for these samples is iliite. Illite is a K+ based clay, so Cory and Chad probably have been illitized to have more K+ and caused a high CEC in K+. Also for the bentonite sample, the dominant cation exchanged is Na+.  Ben, itself, is made of clay, but its exact ionic composition is unknown. So, more tests for the composition of Ben are necessary to promote the understanding of CEC of Ben.


Values of CEC for Cory are very reasonable except one K+ value in the 8-20 mesh is 1.37 meq/100g. That value is 70x of the CEC value in <8 mesh and almost 6x of the CEC value in 20-100 mesh. If the clay substances were assumed to be crushed into the finest mesh, then the high K+ concentrations found for this sample in Leach 1 cannot be accounted for and likely indicate contamination. A duplicate has to be done to confirm the amount of K+ in this size fraction.


A calculation has been carried out to estimate the total surface area in different size fractions (Table 4). It is surprising that the graph of values of CEC for the unaltered gray granite, Stan, in the Leach 1 correspond with the surface area of various size fractions (Figure 7). The same thing has done (it is assumed that all the rock samples have identical density) for other four samples and they all have the same thing happened between the CEC and size fraction in the graph, especially in the first three points – almost perfectly lay on each other. The fourth points are much higher than the surface area’s. If Leach 1 is more accurate overall, than the shaded area of the example (Figure 8), Chad, can be the influence of clay.
4.2
CEC versus size fraction for each sample in Leach 2

The highest CEC values appear very obviously in the <100 mesh for 5 of the 6 samples in Leach 2. It is believed that the prevalence of clay in this fraction caused this for Mabe, Chad, and Ben. In the case of Rocky, the interference of the moss, lichen, and dirt can be the reason why the CEC value in the <100 mesh is lower than 20-100 mesh (section 4.3, fourth paragraph). However, Stan and Cory are unaltered granite rocks. They do not have any mineral infillings, but they still have a very high CEC in <100 mesh. The calculation in Table 4 has been used to find out the relationship between surface area and CEC for them. Still there is no clearly reason why. However, if Leach 2 is more accurate overall, than it is possibly that they are not pure granite rock, which means there is clay in them. The cause can be weathering or erosion.

4.3
Comparison for Leach 1 and Leach 2


The observed results do not seem to show very consistent agreement between the NH​4CH3COO leachates (Leach 1) and the KCl leachates (Leach 2). This is unexpected. In 5 of 6 cases, NH​4CH3COO leachates have greater CEC values than KCl leachates.  One explanation is that some of the ions in Leach 1 were trapped in the organic matter in the bottom of the steel beaker so that not all the ions were rinsed out of it when re-dissolving the NH​4CH3COO leachates. The only exception to this is Ben. The reason for that is probably the failure of the water wash. Bentonite absorbs water and expands. Therefore, water did not pass through the sample successfully and so the loose (unbound) ions were not flushed out of the sample. The water also made the bentonite swell and the particles joined, so, in reality, all size fractions of Ben ended up having a similar surface area. The very similar CEC values of NH​4CH3COO leachates for Ben in different size fractions shows the result of this (Figure 9).

Four pink granite rock samples, which are Rocky, Mabe, Chad, and Cory, have fairly close CEC values in >8 mesh, 8-20 mesh, and 20-100 mesh in both leachates. This suggests that surface area have no or a little contribution to these rocks’ ability to exchange or sorb cations. For the two pink granite rocks, Mabe and Chad, which both are fractured and have material infillings, they both have a maximum CEC in <100 mesh. It is thought that it is because most of the clay substances were crushed into this finest disseminated size fraction. Clay usually has a higher CEC. So, there is a possibility that it was clay that caused the high CEC.


There may be some complications in the results obtained from Rocky and Cory. They both are unaltered pink granites, yet Cory has a large peak in <100 mesh (10.65 meq/100g in Leach 1 and 9.82 meq/100g in Leach 2) but Rocky does not (1.15 meq/100g in Leach 1 and 5.66 meq/100g in Leach 2). We are not sure why that is. One explanation may be that an incorrect mass was used in some calculations. The exact masses for Cory 20-100 mesh and Cory <100 mesh were not recorded. So, we assumed that the exact mass for these was exactly 30.000g. Though the real masses were approximately 30g, the actual deviation from this value is unknown, and may be significant. A second explanation is that the moss, lichen, and dirt on Rocky may have interfered in the cation exchange. Whether that is true or not, a further experiment testing the CEC between a normal pink granite and a moss, lichen covered pink granite could be required.
Because of the lack of replicates and limited rock samples, these CEC results are very preliminary in nature and clearly indicate that in order to get some consistency and productivity, duplicate or triplicates are definitely necessary. The unfractured rock samples should be analyzed for clay content, and the different size fraction should be analyzed to see which fraction contains the most clay. These examinations may be usable for the modeling of cation exchange or sorption characteristics in the future. 
5. Conclusion


From this experiment, general trends were observed when the surface area increases (smaller mesh), the CEC value usually also increases - but does not influence the value of CEC too much. Instead, the mineral infillings (mostly clay) in the fractured rock samples seem to have more effect on the CEC. Weather this is true or not. A further investigation must be done to clarify and confirm some of the results.

Recommendations
1. Do each sample in duplicate. However, if possible, do each in triplicate if because the results are not very similar for the first two, the third trial would give a indication of whether first or second trial is more accurate.

2. Get pure cores that do not contain any clay, so that we can see the influences of surface area more precisely.

3. Look at all the clays (kaolinite, illite …etc.). understand their characteristics, and see how cation exchange capacity varies from one to another. 

4. Use the radioactive materials to do this experiment instead of using non-radioactive materials assuming they interact with the rock equally.
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