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Introduction

The primary objective of this project is to characterize the ability of naturally occurring geologic materials to adsorb boron from ground and surface waters.  The ability of geologic materials around coal combustion product use sites to adsorb boron may greatly reduce the potential for any kind of contamination to spread through the environment. There are several things that those experienced with trace element issues with coal combustion products recognize by their own experience and involvement.

(1)-  Many coal combustion products, and most frequently fly ash will release levels of boron in shake tests that will exceed limits placed on water to be used within the human community over long periods of time (Illinois Class I water standards and similar limits in other States and at the Federal Level).  Some arguments for extremely tight toxicological standards for other elements may cause other elements such as arsenic, selenium, or mercury to fall under similar concern, now or in the future.

(2)- Standard contaminant transport computer models of groundwater flow, while usually not showing persuasive plumes of arsenic, selenium, or mercury, will often show extensive plumes of boron.

(3)- Boron laden fly ash and coal combustion products have been disposed, utilized in construction and landfilled around the country for over a century and yet documented cases of boron contamination of ground or surface waters are rare, of limited aerial extent, with seemingly little or no demonstrated environmental damage beyond isolated records of statistical limit exceedances.

Faced with the dilemma of theoretically large boron contamination problems and only isolated physically demonstrated small problems, some activists contend that society must be sitting on a large but unexploded environmental bomb shell.  Some in industry contend that the tests must be wrong and/or the models useless.  The research work completed to date suggests that the missing link is boron mobility.  The leaching tests by regulatory agencies may indeed predict the release of boron from coal combustion products for a discrete time interval, but these tests do not address whether the boron will remain mobile in the environment.

Most boron limits around 1 to 2 parts per million in the water are based on the ability of boron to adsorb onto soils and accumulate with time until the soil is so laden that toxic effects on plants begin to be observed.  The focus of this study is the question, “how can boron be released from combustion residues and move through miles of pores through geologic media without any interaction, and then suddenly begin interacting and adsorbing onto soils when the water is used for irrigation or other plant life support in nature”?  The suspicion is that it can’t and that boron when released at a source may not remain mobile in nature and may thus never develop the large plumes that are in theory possible.

Task Description

The key tasks of this project have been completed and are summarized as follows.

1- Select the Soil Samples for Study (projected 2 months – concurrent with 2) 

Status – Complete.

2- Obtain, Verify Character, and Prepare Soil Samples for Analysis (Projected 3 months)

Status – Complete.

3- Conduct Test Matrix as outlined in the Table Below

Status – Complete. 

	Soil
	Character
	Solution 1
	Solution 2
	Solution 3
	Solution 4

	
	
	Low Boron

(2 – 5 ppm )
	Medium Boron (20-50 ppm)
	High Boron (around 100 ppm)
	Medium Boron with High Salts 

	
	
	Like FBC and leached ash
	Like Fresh F Type ash
	Like recirculated pond solutions and high solid:liquid ratios
	Salts may impact exchange capacity and are common in fresh ash

	Sandy
	Typical of Riverside Power plants
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed

	Acidic Clay
	Typical of pyretic underclay and coal refuse
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed

	“Neutral Clay”
	Typical of mine underclay
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed

	Fine Silty
	Unit Common in Road Construction
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed

	Gravely Soil
	Unit Common in Road Construction
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed

	Well Graded
	Unit Common in Road Construction
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed

	To be Chosen by Advisory Board
	Fill in Areas not adequately covered
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed
	Minimum 13 tests needed


4- Conduct Simple Hydrogeologic Simulations 

Status – Complete

tc  \l 2 "Section C.   Statement of Work"
Project Accomplishments

The original project proposal contained a test matrix as shown above under Task Description in Table 1.  Table 2 summarizes the work that has been done on pure boron bearing solutions.  Table 2 arranges the samples that were actually tested according to the categories set forth in the original project proposal.  As can be seen the number of samples tested exceeds that originally projected due to the generosity of the companies and agencies sponsoring the project.  

Table 2

Key Results of Test Work to Date

	Soil Type
	Material
	pH 
	Liq:Sol

Ratio
	Eq.

Time (hr)
	Max.

Adsorb

 ((g/g)
	TDS

(ppm)
	D50 (mesh)

	Sandy
	Road Cut Sand

(Sample 5)
	8.08
	4:1
	NA
	None
	118
	18

	
	Sandstone Above #7 Coal (Sample 6)
	7.63
	4:1
	24
	8.88
	336
	87

	Acidic
	Sandstone Over-Burden (Sample 2)
	4.66
	4:1
	24
	1.65
	560
	51

	
	Siltly Clay Overburden

(Sample 3)
	5.71
	4:1
	24
	4.74
	96
	36.8%>500

	
	Calcareous Shale Overburden

(Sample 7)
	5.76
	4:1
	24
	6.49
	185
	100

	Neutral Clay
	Clay Midwestern Road-cut (Sample 10) 
	7.97
	10:1
	24
	30.37
	107
	16.7%>500

	
	Shale above #6 Coal (Sample 8) 
	8.49
	4:1
	24
	3.9
	82
	100

	Fine Silty
	Silt from Indiana Road-cut (Sample 9)
	8.11
	4:1
	24
	13.1
	105
	28.4%>500

	
	Sandy Shale Overburden

(Sample 1)
	7.12
	4:1
	24
	5.24
	242
	360

	Gravely
	Sand and Gravel Overburden (Sample 4)
	8.21
	4:1
	24
	1.84
	83
	28

	Well Graded
	Sorted Moraine Material from Midwestern Road Cut (Sample 11)
	8.25
	4:1
	24
	8.14
	286
	235


Technical Progress

Summary of Results

Initial work focused on test results in which the distilled water spiked with boron was placed in contact with degraded rock and soil materials.  The tests were designed to define how much boron was adsorbed.  Boron adsorption is a significant environmental issue because coal combustion products can potentially release enough boron to allow significant plumes of boron contamination to develop in the groundwater if only dispersion and dilution phenomenon exist.  Results of this work are summarized below.

1- Most of the common soil and degraded rock materials found around sites where boron bearing coal combustion products are likely to be placed in the Midwest are capable of adsorbing boron.  A predominantly silica sand material (sample #5), was an exception to this rule and did not adsorb boron in detectable amounts.

2- The amount of boron adsorbed is sufficient to significantly alter the potential for boron plumes of any noteworthy areal extent to develop in the field.

3- The pH at which the test is conducted in most cases has a pronounced effect on the amount of boron adsorbed.  Tests conducted at low (acidic) pHs adsorbed less boron than tests conducted at near neutral pH value.  This is consistent with previous literature.

The pH at which tests were conducted was determined by the interaction of the test solution with the solid being tested for adsorption capability.  The tests tended to take on the pH values associated with the test solids so that acidic rocks and soils produced acidic tests.  Of course pH values came to be more characteristic of the test solution as the liquid to solid ratio increased.  Since boron adsorption is weaker than the adsorption of most cations, most of the test work in this study was done at 4 parts liquid to 1 part solid, which eliminated most of the problems associated with the pH values shifting from test to test.  The solid liquid ratio issue is important to understand because in the field the physical mass of the aquifer is usually much greater than the mass of the water it contains, making it unlikely that solution source pH will control aquifer pH over any large areal extent.  

4- Particle size and composition play a key role in determining the amount of boron adsorbed.  Very fine clay materials adsorb much more boron than very coarse material.  Since boron adsorption is a surface reaction, the idea that reactive surface area is a factor in boron adsorption would not come as a surprise.  Figure 1 is shown below to illustrate the effect.
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The color coding on the Figure illustrates mineralogy.  The orange materials are composed of mostly silica.  Green is for materials considered to have distinctive calcic composition, and purple is highly feldsic.  Blue is for more mixed composition.  Silica rich material had less particle size degradation than most other materials and formed most of the least adsorbing materials.  Since feldspars are the source material for most clays, clays tend to have a finer particle size, and fine clays are the best adsorbers for boron one finds them at the fine size and high adsorbing end of the spectrum.  For particles with a D50 between about 50 and 400 mesh, no clear particle size trend is apparent.  Most of these particles involve mineralogical mixtures, and it is quite possible that differences were responding mostly to the amount of fine clay in the material.  (The mineralogical structure of clay makes it ideal for taking up cations and anions from solution).  

5- Dissolved solids did not, over the range and conditions tested have any consistent tendency for reducing the amount of boron a material could adsorb.  Figure 2 below, illustrates this effect.
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One of the significant suspicions raised by the obvious lack of trend in the figure is that boron adsorption is probably not especially vulnerable to interference from other ions in solution.  It is this last suspicion that forms the core and rationale for the last work done on this project.

Results of the Interference Tests


The work done on this project suggests that in most cases, with the likely exception of boron sources located above sand aquifers, the risk of boron plumes ever developing and spreading over any significant area has been greatly overstated by previous modeling that considers dispersion and dilution to be the only natural attenuation mechanisms.  The caution should also be added that many modeling exercises assume a constant concentration and output boron source.  In fact boron is a trace element in coal combustion products and those showing high boron release in standard shake tests usually have most of their soluble boron located in surface coatings on the particles (common with fly ash).  The result is that surface boron coatings wash off giving an initial but unsustainable release of boron.  This error alone can cause drastic over-estimation of the extent and concentration of boron plumes.  This error can also be propagated into models that attempt to consider boron adsorption but do so by means of retardation coefficients.  Retardation coefficients assume that the boron source is infinite and that it will thus saturate the adsorption capacity of the aquifer material over time resulting in a plume that advances exactly as before, but takes a longer time to do it.


From an environmental standpoint the implications of this work are profound since they suggest that in most cases boron released from coal combustion products will never spread to any extent through the groundwater system.  Before dismissing boron completely as an environmental issue one part of the test work becomes a major concern.  These tests were done with distilled water spiked with boron.  The test solution contained only the boron compound from the Spex Chemical boron standard and what ever elements dissolved out of the solid phase material being tested.  As shown above, the elements dissolved from the soils and rocks that were tested showed no consistent tendency to stop boron from being adsorbed from solution.  But coal combustion products in the Midwest are placed in pits below water tables and in areas where acid mine drainage may form.


The problem of acidic water overwhelming the entire mass of an aquifer over a significant areal extent is unlikely, but acid mine drainage is high in both cations and their accompanying anions.  The most common acidic drainage anion is sulfate.  In fact high sulfate concentrations are often used as part of the definition of acid mine drainage.  Ferrous and Ferric iron are usually high in acid mine drainage and are usually accompanied by sulfate since acidic drainage often derives in part from the oxidation of iron sulfides.  Acidic drainage also dissolves the more soluble neutralizing phases out of the rocks that are contacted.  Gypsum (calcium sulfate) is frequently dissolved from the rocks in acidic drainage events.  These major element sources frequently result in sulfate concentrations that are orders of magnitude higher than any boron concentration released from coal combustion products.  The question then becomes, absent the pH effect (which may equilibrate rapidly with the aquifer mass), could the sulfate concentrations compete with boron for adsorption sites and thus allow boron to spread through the aquifer and form a significant plume?


To evaluate this risk, this test program included a round of “interference” tests in which the distilled water was spiked both with boron and much higher sulfate concentrations.  A concentration likely to remain in solution even after neutralization of acid mine drainage (400 ppm) was selected for the test.


The first practical problem encountered was that many of the sulfate compounds available tended to alter the pH of the test solution.  The first compound tried was naturally ferrous sulfate.  Since all the tests are done at much higher liquid to solid ratios than would be found in a field aquifer, and since pH is already known to be a significant effect, it was not desired to risk masking an interference effect with a pH effect.  Magnesium sulfate was also tried but had a similar pH lowering effect.  The compound finally found that did not appear to acidify the test solutions was gypsum (calcium sulfate).  As an additional advantage, acid mine drainage frequently would dissolve gypsum into solution.


The phase I tests were repeated for 8 of the 11 materials (some materials had been depleted and sand – sample #5 – never did adsorb boron so interference with boron adsorption was not an issue).  Normal rules and test protocol was followed.  A decision criteria was set up for when a test result would be considered to show a different result in the presence of sulfate than in the absence.  Three of the concentrations used to generate the adsorption isotherms for the no sulfate cases were repeated with solutions spiked with 400 ppm of sulfate.  The three boron concentrations were 4 ppm, 10 ppm, and 30 ppm.  Since the test solutions were obviously prepared in different batches from those used in the original boron adsorption tests, one decision had to be when an initial concentration of boron would be considered different enough from the one used in the no sulfate tests to merit adjustment.  Fortunately, the test protocol already contained a criteria for a similar purpose.  When test batches are run, the batch contains a method blank, a bottle that is rotated for the same term as the test batches but contains no adsorption material.  If the  method blank exhibits a 5% deviation from the initial solution, then all the results in the test batch are adjusted to be based on the method blank as the initial concentration.  This same criteria was used to determine if the initial concentrations were different enough for adjustment.  If the initial boron concentrations were within 5% in the sulfate and non-sulfate cases no adjustment was made.  If the difference exceeded 5%, the lower initial concentration and other concentrations in the batch were adjusted upward.


The ultimate point of comparison between the sulfate and non-sulfate cases was the directly measured equilibrium concentration.  If the test solutions reached equilibrium within 5% of each other then no conclusive difference could be identified.  In gaps of over 5%, the direction of the difference was obvious.  The table below summarizes the test data with high sulfate concentration.
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Sulfate adsorption is higher

29.5785

28.17

26.7615

28.0245

26.69

25.3555

5.88

7.05

Sulfate adsorption is higher

Sand and Gravel

3.801

3.62

3.439

3.927

3.74

3.553

8.36

8.47

No Conclusive Change

9.87

9.4

8.93

9.4815

9.03

8.5785

8.27

8.38

No Conclusive Change

26.943

25.66

24.377

28.518

27.16

25.802

8.18

8.6

Adsorption was lower

Sandstone

3.654

3.48

3.306

3.906

3.72

3.534

7.32

6.71

Did not adsorb with sulfate

8.925

8.5

8.075

9.828

9.36

8.892

7.61

7.76

Adsorption was lower

29.1585

27.77

26.3815

30.093

28.66

27.227

7.79

8.06

No Conclusive Change

Calcarious Shale

3.906

3.72

3.534

3.8745

3.69

3.5055

6.27

5.23

No Conclusive Change

10.29

9.8

9.31

10.668

10.16

9.652

5.77

5.69

No Conclusive Change

30.408

28.96

27.512

30.6075

29.15

27.6925

7.19
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Shale

3.948

3.76

3.572

4.0845

3.89

3.6955

8.16

8.52

No Conclusive Change

9.177

8.74

8.303

9.471

9.02

8.569

8.56

8.63

No Conclusive Change

27.7935

26.47

25.1465

30.723

29.26

27.797

8.52

8.58

Adsorption was lower

Road Cut Silt

3.591

3.42

3.249

3.612

3.44

3.268

7.81

7.61

No Conclusive Change

7.287

6.94

6.593

8.106

7.72

7.334

7.97

8.2

Adsorption was lower

28.791

27.42

26.049

28.2345

26.89

25.5455

8.26

8.27

No Conclusive Change

Road Cut Clay

2.0265

1.93

1.8335

2.1945

2.09

1.9855

7.57

7.18

Adsorption was lower

5.208

4.96

4.712

5.628

5.36

5.092

7.57

7.7

Adsorption was lower

24.6645

23.49

22.3155

22.785

21.7

20.615

7.52

7.86

Sulfate adsorption is higher

Road Cut Moraine

3.5805

3.41

3.2395

3.57

3.4

3.23

8.22

8.29

No Conclusive Change

7.287

6.94

6.593

8.2845

7.89

7.4955

8.27

8.33

Adsorption was lower

29.0535

27.67

26.2865

28.8225

27.45

26.0775

8.22

8.47

No Conclusive Change


The yellow color codes on measured concentrations show those cases where the initial concentration and measured equilibrium concentrations were adjusted upward to make the starting points equal as described above.  The columns beside the measured concentrations are the plus and minus 5% limits.  The conclusions column is based on whether equilibrium concentrations differ by more than 5%.  The pH columns will be used in subsequent results evaluations.


Several observations can be made about the data.  In 12 of 24 cases the equilibrium concentration between the sulfate and non-sulfate case were within 5% of each other.  In 8 cases, the adsorption was lower in the presence of sulfate than without the interfering anion present.  There was no material tested that consistently showed lower boron adsorption in the presence of sulfate over all concentration ranges.  Most differences in endpoint equilibrium concentration were small.  Indeed only one material showed a consistent change in the presence of sulfate and that was material #3 which showed a distinct increase in boron adsorption when sulfate was present.  From a statistical standpoint it is impossible to justify any over-all claim that sulfate is reducing the adsorption of boron.


Two specific material cases are perhaps more note-worthy than others, those being material #3 (acidic silty clay overburden) and material #10 (road cut clay).  Material #3 shows convincingly and consistently that more boron was adsorbed from the sulfate laden waters than the otherwise pure water.  Lest one make the mistake of looking for an enhancement effect or a co-precipitate, the next thing to be noted is the test pH values.  In general calcium sulfate was selected because it produced a solution with about the same pH value as the boron alone solution.  Only on materials with pH values highlighted in the columns of Table 3 above were their changes involving acid to basic shifts in pH.  In the case of material #3, the test solution was able to bring up the pH endpoint rather distinctly when one considers that pH is a logarithmic scale.  In previous work, the strongest and most consistent variable in boron adsorption appears to be test pH.  The tendency of material #3 to adsorb more boron in the presence of sulfate than without it is almost surely nothing more than a pH effect.  This illustrates the importance of the decision to try to conduct the interference tests without shifting the solution pH values.


The next material to receive individual attention is the road-cut clay (material #10).  This material is a strong adsorber  of boron as one would anticipate.  In this material at lower concentrations both showed a slight but statistically significant  reduction in boron adsorption.  The idea that the interfering ions would have the greatest impact at low concentration where the sulfate concentration of 400 ppm is exactly two orders of magnitude greater than boron (4 ppm) could be easily accepted, but only one other material showed this pattern.  The other material was #6 (sandstone).  When tested in the presence of sulfate the material did not adsorb boron at all from the 4 ppm interference test solution.  Unfortunately there was a shift to an acid pH with the material tested so the failure of the material to adsorb must probably be discounted.  One would suspect that it is the other impurities and break-down products in the sandstone that are adsorbing boron rather than the silica sand.


Over-all it is not possible to conclude that the presence of sulfate in the solution inhibited the adsorption of boron.  It is the investigators impression from the over-all data that sulfate does slightly inhibit boron adsorption, but that the effect is so weak that variations in mineralogy, size consist, and pH are introducing enough randomness with respect to the study variable that one cannot get a convincing statistical proof of the existence of an interference effect.  From a physical, real world perspective the meaning would be that whether materials will adsorb enough boron from groundwater to eliminate any noteworthy plume formation is a function of the materials and pH conditions.  Interference effects, if they exist at all, will be so small that variations in the geologic media of the aquifer and other field conditions will dominate results to such an extent that the presence or absence of interference in the model will not aid in predicting real world plume formation events.  Thus the over-all conclusion of this study remains that materials commonly found around Midwestern sites where coal combustion products are placed as loose fills will usually adsorb enough boron to prevent formation of harmful boron plumes of any noteworthy areal extent.






