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ABSTRACT 

The boron isotopic ratios of three contaminated ground water samples and 

of leachate from four fly ash samples are shown to be significantly different than 

the isotopic ratio of naturally occurring boron in a selected ground water. 

Analysis is performed using thermal ionization mass spectrometry with a precision 

of less than 1 per mil. Inductively coupled plasma mass spectrometry is shown to 

be ineffective for this application. 

Boron is isolated from solution and concentrated using Amberlite IRA-743 

resin with no isotopic fractionation observed. Boron desorption from fly ash is 

shown to be rapid. 

Boron isotopic analysis is shown to be a superior method to boron 

concentration analysis for identifying leachate in a ground water, 1) at the outer 

limits of a leachate plume, and, 2) when the difference between the boron 

concentration of the leachate and background water is small. The degree of 

contamination can be determined if both end members are known. 
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CHAPTER ONE 

INTRODUCTION 

Fly ash is a solid waste product of coal combustion. Over 50 million tons 

of fly ash are produced each year by coal fired power plants, and though some is 

used in fertilizers and in concrete, most is discarded into disposal ponds and 

landfills (Churey et al., 1979). Leachate from these sites pose an environmental 

threat due to subsequent contamination of local ground water. One of the more 

serious contaminants is boron, which is toxic to many plants at concentrations 

above about 1 mg/1 (Bassett, 1980). 

In solution, boron exists primarily as boric acid, B(OH)3, and as the borate 

anion B(OH)4". In this form, boron moves readily with ground water flow in 

many environments (Barber et al., 1988), though it is known to adsorb to some 

degree onto high surface area clays and metal oxides (Pagenkopf and Connolly, 

1982; Palmer et al., 1987). Because it is often conservative in nature, boron is of 

further interest since it can potentially be used to determine the maximum extent 

of a leachate plume, and to validate models developed for predicting its 

movement. 

1.1 Description of the Problem 

At the time of this study, the primary method for tracking and mapping a 

boron contaminate plume is by analysis of its concentration. Wells are sampled 

and analyzed for boron to see if the concentrations are higher than for wells 
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known to be uncontaminated. Though effective for boron concentrations much 

higher than the background, the method is poor for determining the outer limits 

of the plume. Natural fluctuation in the background concentration of boron, and 

standard deviations of analyses make it impossible to determine with any degree 

of confidence whether a small increase in the measured concentration is due to 

contamination, or the previously mentioned problems. 

The purpose of this study was to determine if a method could be 

developed to differentiate more accurately between background and contaminated 

ground water by using the stable isotopes of boron (11B and 10B). The large 

relative difference between the mass of 11B and 10B suggests the possibility of 

fractionation during phase changes, favoring either the light or the heavy isotope 

depending on the nature of the transition. The resulting isotopic ratio will 

commonly be an indicator of the process involved in the phase change. 

Since fly ash is formed at high temperatures with approximately 30% of 

the original boron in the coal escaping in the gaseous phase (Gladney et al., 

1978), fractionation consistently favoring one isotope is highly probable. If 

leachate from the fly ash then has a different isotopic signature than the 

background water, mixing zones between the two waters should result in isotopic 

ratios intermediate between the two. If the difference between the isotope ratios 

of the two waters is large, even small amounts of contamination will result in a 

significant isotopic shift from the background. 

Additional objectives relating to the first included (1) testing the 

applicability of inductively coupled plasma mass spectrometry (ICP-MS) for boron 
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isotopic measurement, (2) testing a method for isolating boron from matrix ions 

in solution, and (3) determining some of the desorption characteristics of boron 

from fly ash. A technique recently developed for measuring boron isotopic ratios 

using thermal ionization mass spectrometiy in the anion mode was also employed 

during the course of this study (Bassett et al., 1989). 

To use the instrumentation mentioned above, a method of isolating boron 

from the original solution was necessary to avoid measurement interferences. To 

accomplish this, a boron-selective ion-exchange resin used by Duchateau et al. 

(1987) was investigated further. 

In order to establish the use of boron isotopic ratios in mapping 

contaminant plumes, knowledge of some of the desorption characteristics of 

boron from the fly ash was needed. Removal rate and pH dependency were the 

two primary variables studied. If boron comes into solution slowly at some or all 

pH's, isotopic fractionation could potentially occur which would make the use of 

isotopic ratios ineffective. 

1.2 Previous Work 

1.2.1 Isotopic Signatures 

The ratios of the stable isotopes of hydrogen, carbon, oxygen, and sulfur 

are commonly used to identify the origin and trace the flow path of natural and 

contaminated ground water. Although boron isotopic ratios have been measured 

for a wide variety of materials, including seawater and some select freshwater 

samples (Shima, 1962; Aygei and McMullen, 1968; Kanzaki et al., 1978; Malinko 



et al., 1982, Nomura et al., 1982; Spivack and Edmond, 1986; Gregoire, 1987a), 

no publications have been found at this time which report the use of these ratios 

to identify or trace aqueous pollutants. The closest works found were 

investigations by Kanzaki et al. (1979) and Nomura et al. (1982) who used the 

11B/10B ratios measured in fumarolic condensates to try to identify the origin of 

the magmas from which they came. No attempt was made to differentiate these 

waters from other waters, or to trace their flow path. 

1.2.2 Mass Spectrometry 

Three authors have published reports using inductively coupled plasma 

mass spectrometry (ICP-MS) for boron isotopic ratio determinations. Russ and 

Bazan (1986) focusing primarily on uranium and lead, published only two 10B/11B 

values with and without the presence of interfering lead isotopes. A precision of 

less than 0.5% was reported, but severely biased toward the heavier isotope. 

Gregoire (1987a) measured 11B/10B ratios of several geologic materials with a 

reported precision of 0.7%. Chong and Houk (1987) also measured 11B/10B 

ratios for some volatile materials, but with precision closer to 2%. In all cases, 

use of ICP-MS has been promoted on the basis of shortened analysis time, and 

not on improved precision. 

Thermal ionization mass spectrometry (TIMS) has been used for years to 

determine boron isotopic ratios, but always in the cation mode. Two authors in 

recent years have published on use of TIMS in the anion mode. Zeininger and 

Heumann (1983) and Duchateau et al. (1985) both used TIMS analyzing for the 



B02" ion, and obtained 11B/10B ratio measurements with precision of 0.3%. 

Ratios reported for this work are the result of a simultaneous study on negative 

mode TIMS analysis of boron isotopes performed by Bassett et al. (1989). 

1.2.3 Boron Separation 

Duchateau et al. (1987) made use of Amberlite IRA-743 boron-selective 

ion-exchange resin, developed by Rohm & Haas Corp., for isolating boron from 

solution. The resin has a theoretical capacity of 5.7 mg boron per ml of resin 

(Rohm & Haas Corp., 1980), and forms complexes with the borate anion at pH's 

above 4. A more detailed description of the resin chemistry may be found in the 

following chapter. 

1.2.4 Boron Removal from Fly Ash 

Though desorption is a likely explanation for the removal of boron from 

fly ash, little is known for certain what controls all aspects of its solubility. Metal 

borate solubility and surface coatings sealing off boron from solution are also 

mechanisms proposed by some (Pagenkopf and Connolly, 1982). More than one 

mechanism is probably involved (Cox et al., 1978). 

The degree to which boron in fly ash is soluble has been shown in a 

number of papers to be primarily dependent on the temperature at which it was 

formed. Cox et al. (1978) and Mackay (1978) both reported solubilities of less 

than 10% for ashing temperatures over 1200°C, and nearly 100% for 

temperatures of 800°C or below. 



Investigation of the rate of dissolution of boron from fly ash has produced 

some markedly variable results. All authors have reported rapid initial 

dissolution, but lasting for vastly different times, and with differing reports of 

subsequent slower dissolution. Halligan and Pagenkopf (1980), taking 

measurements several days apart, graphed a dissolution curve where rapid 

dissolution occurred for the first several days, and steady state reached in about 

30 days. Cox et al. (1978) on the other hand, reported complete dissolution of 

soluble boron within 15 minutes. No rate equations were calculated for any of 

these studies. 

The pH of fly ash slurries over periods of days and months is commonly 

reported, but no work was found which directly investigated the effect of changing 

pH on boron dissolution or desorption in the same fly ash. 

1.3 S 11B Notation 

Isotopic ratios are typically reported as per mil shifts from an accepted 

standard. Samples with a 11B/10B ratio higher than the ratio of the standard will 

have a positive S 11B value, and samples with a lower ratio will have a negative 

5 11B value. The equation used to calculate the per mil shift of a sample is: 

11B/10Bsp, - "B/10^ 
S B = * 1000 

11B/10Bstd 



At present, there is no internationally recognized standard for boron 

isotopic ratios. A few reports have used a value of 4.0, which is close to the 

average value for crustal rocks, as a standard value, but it does not represent the 

value of a specific material (Schwarcz et al., 1969). Gregoire (1987a) reported 

isotopic values as 5 11B shifts from a standard sea water (NASS-1). Most of the 

remaining reports used the material also chosen for this study, which is the 

National Bureau of Standards, Standard Reference Material 951 boric acid (NBS 

SRM-951), (Palmer et al., 1987; Spivack and Edmond, 1987; Swihart et al., 1986). 
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CHAPTER TWO 

METHODS DEVELOPMENT AND SAMPLE DESCRIPTION 

2.1 Quality Assurance and Quality Control 

All laboratory work was done according to professionally accepted 

methods and procedures, and the results have been documented. Blanks, 

replicates, and standards were used where appropriate to insure the accuracy of 

the experimental work. 

For all aspects of this study, new Nalgene plastic bottles were set aside 

exclusively for the preparation and storage of reagents, standards and 

experimental solutions. Pyrex volumetric glassware and pipets were used only for 

precise measurements where contact time with a solution was brief. All 

containers in contact with solutions were first acid washed with approximately 1.2 

N HC1, rinsed three times with deionized water, and heated to dryness in an oven 

at 105°C. 

All standard and cleaning solutions were prepared in deionized water 

passed through a Millipore, four chambered Milli-Q water purification system. 

The resultant water has a measured B concentration of 0.5 ppb determined by 

ICP-MS. 

Boron isotope standards were prepared from NBS SRM-951 boric acid 

with a reported 11B/10B ratio of 4.04362 ± 0.00137 (Cantanzaro et al., 1970). All 

chemicals used were of reagent grade. 
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2.2 Quantitative Analytical Procedures 

Boron concentrations, unless otherwise stated, were analyzed using Direct 

Current Plasma Atomic Emission Spectroscopy (DCP). The instrument 

conflguration is described in Appendix A. Sample solutions containing only boric 

acid in either pure water or HC1 were analyzed by using a standard working curve 

for calibration using standards prepared with an identical matrix of either pure 

water or HC1 respectively. Solutions containing matrix ions of diverse or 

unknown concentration were analyzed by the standard method of addition using 

three spikes and a blank. 

2.3 Inductively Coupled Plasma Mass Spectrometry 

For investigation using inductively coupled plasma mass spectrometry (ICP-

MS), a Sciex Elan Model 250 was used at the U.S. Geological Survey in Denver, 

Colorado. Analyses were done in the peak hopping mode, with alternate peaks 

integrated for 300 ms at a time, for a total of 5.0 sec, for each determination. 

The 11B/10B ratios were determined by taking the mean of five determinations 

for each sample. In some instances, where indicated, the mean of three or five 

sets of five determinations is reported for a sample. Samples were aspirated 

directly from aqueous solution with uptake controlled by a peristaltic pump. 

Parameters optimized for measuring boron isotopic ratios included argon gas flow 

rate, lens focus for 4 lenses, nebulizer configuration, integration time, peak 

hopping ratio, and number of sweeps. A table of instrument settings is given in 

Appendix A. 



2.4 Thermal Ionization Mass Spectrometry 

Thermal ionization mass spectrometry (TIMS), in the anion mode, was the 

method used for the final analyses. Boron was measured as B02" on a VG 336 

TIMS with a 36 cm effective radius. Ion signals were generated between 

2 X l(f12 and 2 X 10"11 A for a 1-2 /ig boron sample load with an accelerating 

voltage of 4 kv. Boron was measured in the single collector peak jumping mode, 

with the following sequence of masses: baseline at 38.5, 10BO2' at 42, and 11B02" 

at 43. Each peak and baseline were integrated for five seconds; data were 

acquired in blocks of ten or twenty ratios. 

Dried samples were resolubilized in 1 iA of H20 per 1 ng of B, together 

with 100 ng of Ca(N03)2. Samples were loaded onto single outgassed Re 

filaments and dried to room temperature. The filament was heated in the mass 

spectrometer at a source pressure of 2 X 10"7 mbar, with a warmup to 

approximately 2.0 A over 30 minutes. 

2.5 Boron Extraction Procedures 

Boron isotopic measurements by both ICP-MS (Gregoire, 1987b), and 

TIMS are known to be influenced by matrix ions. Therefore, boron must be 

separated from sample solution with care to avoid fractionation of the isotopes. 

Amberlite IRA-743, a boron-selective ion-exchange resin, was chosen based on 

previous work done by Duchateau et al. (1987) and as a result of discussion with 

the technical staff of Rohm & Haas Corp. (1988), the manufacturer of the resin. 
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2.5.1 Resin Cleaning and Regeneration 

The columns used to extract B from solution were designed to allow 

volumes of up to one liter at a time to flow at a controlled rate through the resin 

without continuous monitoring (Figure 2.1). Plastic bottles (1 liter) were used as 

reservoirs with tygon tubing (1.6 mm I.D.) connecting the bottom of the bottles to 

the caps sealing the tops of the plastic columns. Flow rate was controlled using 

rolling pinch clamps on the same sized tubing which connected to the outlet of 

each column. Flow rates decreased as the hydraulic head in the reservoir 

dropped, which required occasional readjustment of the clamps to increase the 

flow back to the initial rates. The tubing then looped up past the top of the resin 

in the columns and back down where they could be placed in drainage tubes for 

unwanted effluent, or to collection bottles for the eluates. Raising the tubing 

above the resin level prevented the resin from ever draining to dryness. 

The resin was washed and cleaned using a modification of the method 

employed by Duchateau et al. (1987). The resin was first soaked in 

approximately 1.2 N HC1 and then rinsed with deionized water to remove any 

particulates before being packed into the columns. Packing was accomplished by 

pouring a 10 ml sluriy of resin and deionized water into the column. This 

volume was selected based on the published theoretical capacity of the resin for 

boron of 5.7 mg per ml resin (Rohm & Haas Corp., 1980), and the maximum 

expected boron content of the solutions. The volume of resin used had a capacity 

of approximately five times the maximum required amount necessary to extract 

all boron from solution. 
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Figure 2.1 Column extraction apparatus for removing boron from solution. 



To clean the resin of any residual boron, a series of 5 solutions were 

passed through the columns. The procedure employed and the required solutions 

are identified in Table 2.1. 

Amberlite IRA-743 quantitatively removes boron from solution at pH 

values greater than 4. In Figure 2.2a, a schematic diagram of the resin is 

depicted configured in the hydrochloride state which exists at pH values less than 

4. At pH values higher than 4, the resin forms a complex with boric acid which 

displaces chloride (Figure 2.2b). 

To prepare the resin for boron extraction, HC1 was first used to drop the 

pH below 4 stripping off any remaining boron. NaOH was then used to 

neutralize the acid; subsequently, deionized water was used to flush out excess 

sodium. This preparation process was then repeated to ensure thorough cleaning 

and regeneration. 

Table 2.1 Solutions used in cleaning the resin. All solutions were introduced at 
a flow rate of approximately 1 ml/min. 

50 ml 
20 ml 
50 ml 
30 ml 
10 ml 
50 ml 

2NHC1 
3 N NaOH 

2NHC1 
3 N NaOH 

deionized water 

deionized water 
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Figure 2.2 Structure of Amberlite IRA-743 resin: (A) low pH, hydrochloride 
form, and (B) intermediate pH form. 



26 

2.5.2 Boron Recovery Analyses 

Most, importantly, it was necessary to ensure that fractionation was not 

occurring during the extraction process. This was accomplished in two ways: by 

examining the percent recovery and by measuring the isotopic ratio of the eluate. 

If the resin fails to extract all the boron, or if a significant percentage of boron in 

the initial solution is retained on the resin after the elution, isotopic fractionation 

may occur. 

Previous workers have reported that recoveries of boron as low as 40% 

have not shown fractionation (Duchateau et alv 1987). Recoveries above this 

value were, therefore, necessary. The 11B/10B ratio of the eluate was also checked 

against the ratio of the input solution. If no difference was found, the procedure 

could be used with confidence. 

Most eluates were collected in two or three steps of 30 ml each, using 2 or 

6 N HC1. Each aliquot was then analyzed for boron to determine how rapidly 

the boron was being removed from the resin. The total mass detected in each 

aliquot was then summed to determine the percent recovery for that run. 

To determine the optimal conditions for boron removal and recovery, the 

following solution effects were investigated: flow rate, input concentration, eluate 

acid strength, and matrix. An analysis of recovery percentage was done for flow 

rates ranging from 0.3 to 30 ml/min, for sample concentrations ranging from 0.1 

to 10.0 ppm boron, for acid eluate concentrations of 2 and 6 N HC1, and for 

matrix ion effects using 0.1 N solutions of Mg++, Ca++, Na+, and K+. 

The only parameter to significantly affect the recovery rate was the eluate 
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acid strength. The extractions using 6 N HC1 reduced the recovery by nearly 20% 

over the extractions using 2 N HC1. The results shown in Table 2.2 imply that the 

removal rate is slower, so not all was retrieved with 90 ml of eluate. In all cases, 

however, the recoveries were above 80%. The possibility of high recoveries 

resulting from boron contamination derived from cleaning solutions, salts, or the 

deionized water was investigated by analyzing each for boron concentration 

(Table 2.3). The detection limit using DCP for NaOH and the salt solutions was 

approximately 100 ppb B owing to interference from the metals in solution, but 

no evidence of boron was detected. Solutions analyzed using ICP-MS all proved 

to have less than 4 ppb B. The error, calculated by assuming the maximum 

possible contamination, proved to be insignificant in all cases except for runs in 

which the input boron concentrations were 0.1 ppm B. Recoveries for these runs 

were no higher than the others, however, so contamination could not be 

contributing significantly to the measured value. 

Table 2.2 Effect of eluate acid concentration on recovery; 200 ml samples 
containing 5.0 ppm B (NBS SRM-951) were run in all cases. 

Acid Flow Percent Recovery Total 
Cone. Rate for Aliquots Recovery ±a 
(N) Cml/min) 1 2 3 (%) (%) 

2 10 70.8 23.7 8.9 103.4 1.5 
2 1 71.8 33.8 2.2 107.8 1.5 
6 10 36.5 26.4 18.3 81.2 1.1 
6 1 24.2 39.7 26.1 90.0 1.3 



Table 2.3 Concentrations of boron in solutions which potentially constitute a 
source of contamination. 

Solution 
Boron* 

Concentration 
(ppm) 

Deionized water 0.00051 
Deionized water passed 
through column w/ resin 0.00054 

0.00051 0.00005 

0.00008 
0.002 2 N HCL 

3 N NaOH 
0.1 N Na+ 

0.1 N Ca+ + 

0.1 N K+ 

0.1 N Mg+ + 

0.0038 
Bdl 
Bdl 
Bdl 
Bdl 
Bdl 

* All values noted as Bdl are for analyses done using DCP with a detection 
limit of 0.1 ppm B. 

The flow rates for both the extraction step and the elution step have only 

slight effect on the recovery rates. At slower flow rates, less eluate is required to 

strip boron off of the resin (Table 2.2). Maximum recovery was achieved for all 

samples, excepting those eluted with 6 N HC1, within 90 ml. 

To test for the affects of matrix composition on recovery percentage, three 

salt solutions were prepared, with Na^O^ CaCl2, and a combination of Na2S04, 

KC1, and MgS04. All solutions were 0.1 N with respect to each cation. Two 

extractions were performed for each salt; one with a B concentration of 0.5 ppm, 

and one with a B concentration of 10 ppm. In all cases, boron recovery was near 

100% (Table 2.4). As was observed in sample extractions containing only boric 

acid, the initial boron concentration did not affect the recovery. 
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Table 2.4 Effects of matrix ions on recovery percentage. Flow rates were 
maintained at 5 ml/min for the input solution, and at 1 ml/min for the eluate; 2 
N HC1 was used to elute. 

Matrix Input Total 
Cations B Cone. Recovery ±a 

fppm) (%) (%) 

Na+ 0.5 87.2 0.7 
Ca+ + 0.5 115.1 1.0 
Na+, Ca++, Mg+ + 0.5 113.4 1.0 

Na+ 10.0 102.1 1.1 
Ca+ + 10.0 107.3 0.9 
Na+, Ca++, Mg+ + 10.0 105.2 0.6 

An investigation was also conducted to determine the selectivity of the 

column by examining the quantity of matrix ions retained on the column along 

with boron. Input, effluent, and eluate solutions were analyzed for cations with 

Atomic Absorption Spectroscopy (AAS) and DCP; anions were analyzed with ion 

chromatography. In all trial runs, carry over of matrix salts from the input 

solutions into the eluates was less than 5%. 

Recovery percentages, as can be seen in Tables 2.2 to 2.4 are occasionally 

greater than 100%. The most obvious possible explanation was investigated by 

looking for boron contamination, as mentioned above. This was found to be an 

insignificant contributor to the problem (Table 2.3). Because both input and 

eluate solutions were analyzed for boron, the possibility of error due to imprecise 

preparation of input solutions was also ruled out. Analyses by the method of 
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standard addition further ruled out the possibility that matrix ions were creating a 

falsely high signal. 

To see if the problem was instrumental, five samples were selected which 

had previously been analyzed using DCP. Input and eluate solution from these 

runs were then reanalyzed using ICP-MS, which has the added advantage of 

having no interference problems with metal cation emissions. In all cases where 

recoveiy values had been greater than 100%, the new values fell veiy near or 

below 100%. For the two samples originally less than 100%, one value rose, and 

the other fell a few percent (Table 2.5). The recovery percentages greater than 

100% are probably due to a high background emission signal produced when 

analyzed on the DCP, which is avoided when quantitative analyses are performed 

on the ICP-MS. 

Table 2.5 Percent Recoveries for boron concentration analyses done with DCP 
compared to analyses done with ICP-MS. Flow rates were maintained at 5 
ml/min for the input solution, and at 1 ml/min for the eluate. 

Matrix 
Cation 

Input 
B Cone. 
(ppm~) 

DCP 
Recovery 

(%) 

ICP-MS 
Recovery 

(%) 

Na+ 

Ca++ 
10.0 
10.0 

102.1 
107.3 

98.1 
101.0 

none 
none 
none 

0.1 
1.0 

10.0 

87.9 
104.5 
75.7 

81.5 
100.0 
84.7 
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To determine directly whether fractionation was occurring during the 

separation process, the 11B/10B ratios were determined for two eluate solutions 

from two column runs. The third and fourth samples from Table 2.5 were chosen 

which represented both high and low recovery. Analyses were done using TIMS. 

The resulting ratios were equivalent to the input ratio for NBS SRM-951. 

2.6 Sample Preparation 

Aqueous samples prepared for measurement using TIMS and ICP-MS were 

first passed through the resin filled columns mentioned above at a rate of 5 

ml/min. The sides of the reservoirs were then washed down and the final few 

milliliters of sample were passed through the column with about five ml of 

deionized water. The boron on the resin was then eluted using 100 ml of 2 N 

HC1 at a flow rate of 1 ml/min. The eluates were analyzed on ICP-MS with no 

further preparation. 

Sample preparation for analysis using TIMS required one additional step. 

Portions of the eluates were poured into teflon scintillation vials and vacuum 

evaporated to dryness at room temperature in an oscillating evaporator. 

2.7 Descriptions of Flv Ash and Field Water Samples 

Ground water samples were provided by the Electric Power Research 

Institute (EPRI) from a fly ash disposal site in the Midwest where fly ash 

leachate was known to have reached the local ground water. Six samples were 

taken from what was thought to be the plume center, two points along its flow 
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path, and three background samples. The samples were taken during the winter 

of 1988. Table 2.6 lists the description and boron concentrations for each sample. 

Table 2.6 Description and boron concentrations for six ground water samples 
from and around a fly ash leachate contaminated site. 

Sample Boron 
ID Description Concentration 

Cppnri 

W-4 Plume 14.2 
BW-4B Plume 6.46 
BW-2C Plume 1.49 
W-18 Background 0.0234 
W-1A Background 0.0258 
BW-1B Background 0.0207 

Four fly ash samples were also provided from four different sources. Coal 

type, furnace configuration, hot water leachate pH, and element analysis 

information was provided by EPRI, and surface area measurements were 

obtained as described in the following section. Table 2.7 summarizes the relevant 

information on the fly ash samples at the time of acquisition. An elemental 

analysis of the solid ash samples is given in Appendix B. 
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Table 2.7 Summary of the physical and chemical description of fly ash samples 
obtained from EPRI. 

Fly 
Ash 
# 

PH* 
Boron 
Og/g 
Solid") 

Surface 
Area 

CmVg-) 

Coal 
Type 

Furnace 
Configuration 

150 12.80 2270 5.0 Sub-Bit. Front-Fired 

152 4.28 352 7.2 Bit. Front-Fired 

157 8.12 861 1.0 Bit. Cyclone 

159 11.23 1740 0.7 Lignite Tangential 

* 24 hr. hot water extract 

2.8 Flv Ash Surface Area Measurements 

2.8.1 Theory and Procedure 

The Brunauer, Emmett, and Teller (BET) method of surface area measurement 

is the most common method used. It is based on the determination of the 

volume of molecules of a gas that will absorb onto a sample surface as a 

monomolecular layer. The sample is taken in dry form, weighed, placed in a 

sample holder, and degassed. Nitrogen gas is used as the adsorbate and this is 

introduced into the sample at a known pressure. Dynamic equilibrium is reached 

in the sample holder as the nitrogen gas condenses and evaporates on the sample 

surface. The resulting pressure is recorded. The volume of nitrogen gas that is 

adsorbed is determined by applying the BET equation. In multi-point BET, three 
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to four points are determined by successively incrementing the pressure of 

nitrogen gas allowed to equilibrate with the particle surface. These points must 

fall in the linear portion of the graph. The reproducibility of this method has 

been reported to be 12.3%. 

2.8.2 Results 

The surface area of fly ash samples 150, 152, 157, and 159 were determined by 

Coors Analytical Laboratory in Golden, Colorado. The test method used was 4 

point BET nitrogen gas adsorption following the procedures given in ASTM D 

3663 - Standard Test Method for the Surface Area of Catalysts. The samples 

were outgassed at 16°C for 12 hours. The results are shown in Table 2.7. 

2.9 S.E.M. Photography 

Electron micrographs were made of the fly ash in order to characterize 

the fly ash samples in terms of morphology and particle size range. A JEOL 

JSM-840A scanning microscope was used. The samples were prepared by 

mounting diy sample as a thin layer on a stub on which glue had been placed. 

The samples were then sputter-coated with a 200 A layer of gold-palladium. This 

method of preparation was satisfactoiy as only one incident of charging was 

noted. The samples were then mounted in the sample chamber and the chamber 

evacuated of air. The micrographs were taken using an accelerating voltage of 20 

kV, a working distance of 39 mm, and various magnification settings. For 

purpose of comparison, one micrograph of each sample was taken at a 



magnification of 1,500 X. The micrographs are given in Figures 2.3 to 2.6. 

The SEM micrographs demonstrate qualitatively the differences among 

the four fly ash samples with respect to (1) the relative proportions of spheres to 

other particle structures; (2) the size distribution of particles; and (3) the 

presence or absence of surface deposits. Aside from sample 152, the SEM 

micrographs show the fly ash particles are primarily spheres of varying sizes. This 

is a result of the process by which the fly ash is formed; the ash solidifies from 

molten droplets of coal residue. The surfaces of the spheres almost always had 

surface deposits on them, possibly alkali sulfates. The spheres are generally 

thought to be solid and only one hollow sphere or plerosphere was discovered, 

this in sample 159. Sample 150 was distinct in containing besides spheres, a large 

proportion of vesicular, semi-spherical glass particles. Close-ups of the particles 

show a granular texture (Figure 2.3d). The most distinct among the samples was 

sample 152. The micrographs show a virtual lack of spherical particles. Rather, 

the dominant structures are irregular, wavy or porous glass fragments (Figure 

2.4). 
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Figure 2.3a,b SEM micrographs of fly ash 150, (A) cluster of fly ash spheres 
(Magnification 750X), (B) surface texture of spheres showing 
presence of alkali deposits (Magnification 1,500X). 
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Figure 2.3c,d SEM micrographs of fly ash 150 cont., (C) presence of vesicular 
spherical particles (Magnification 2,500X), (D) close-up of large 
vesicular particles showing surface detail (Magnification 3,000X). 



Figure 2.4a,b SEM micrographs of fly ash 152 showing irregular, porous 
structures of fly ash and relative absence of spheres 
(Magnifications (A) l,lOOX, (B) l,SOOX). 
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Figure 2.4c SEM micrograph of fly ash 152, (C) showing a close-up of porous 
fly ash structure (Magnification 2,500X). 
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Figure 2.5a,b SEM micrograph of fly ash 157, (A) substantial particle size range 
shown from less than 1 J.Lm to 140 J.Lm (Magnification SOOX), (B) 
more representative size range (Magnification l,SOOX). 
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Figure 2.6a,b SEM micrograph of fly ash 159, (A) particles are predominantly 
spheres (Magnification 2,000X), (B) quasi-spherical particles and 
pleroshere showing thickness of walls (Magnification 4,000X). 



Figure 2.6c SEM micrograph of fly ash 159, (C) irregularly shaped fly ash 
particle shown (Magnification lOOOX). 

42 
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CHAPTER THREE 

APPUCABIUTY OF INDUCTIVELY COUPLED PLASMA MASS 
SPECTROMETRY FOR BORON ISOTOPIC RATIO DETERMINATION 

3.1 Introduction 

The generally accepted method for measuring boron isotopic ratios has 

been solid source mass spectrometry, with standard errors frequently reported in 

the 0.2% to 0.3% range (Gregoire, 1987a). Recently, however, the use of 

inductively coupled plasma mass spectrometry (ICP-MS) has also been reported 

for boron isotopic measurements. ICP-MS has reported standard deviations two 

to three times worse than solid source mass spectrometry, but offers the 

advantages of direct aqueous analysis with little or no preparation, and much 

faster analysis time. The analysis rate using solid source mass spectrometry is 

typically five to ten samples per day, while the analysis rate using ICP-MS has 

been reported as high as one sample per minute once a set of samples is loaded 

into the instrument (Gregoire, 1987a). 

The objective of this portion of the study was to determine if ICP-MS 

could be used with sensitive enough precision to differentiate between the boron 

isotopic ratios of ground water contaminated by fly ash leachate, and 

uncontaminated background ground water. It was determined by this research 

that a precision of about ± 2 per mil (± 0.2%) was desired to be able to 

differentiate between waters with small initial differences in their isotopic ratios. 



44 

The instrument parameters and experimental set up may be found in chapter 2 

and in Appendix A. 

3.2 Accuracy and Precision 

To determine if the ICP-MS measurement of boron isotopic ratios is 

influenced by boron concentration, a series of calibration curves was developed 

using NBS SRM-951 at boron concentrations of 100, 500, and 1000 ppb. The 

curves, numbered in sequential order in Figure 3.1, initially seemed to indicate 

concentration dependency, but in subsequent runs, the slopes varied widely and 

even reversed sign. Each point in Figure 3.1 is the mean of three or five sets of 

five determinations. 

Accuracy was extremely poor for these runs with measured 5 11B values 

ranging from about 200 to 400 per mil above the true value. Though the degree 

of inaccuracy is extreme, correction could still be possible if the precision were 

very good. Viewing the 500 ppb B measurements alone from Figure 3.1, 

however, reveals an equally poor precision; measured 11B/10B ratios vary from 

approximately 4.9 to 5.7 (~200 per mil). If this variation were due to a gradual 

trend over time, it might still be possible to calibrate the instrument by bracketing 

samples between standards to account for instrumental drift. The numbering 

sequence of Figure 3.1 demonstrates that this is not the case. The measured 

ratios rise and fall with no apparent pattern. 

Most of the samples planned for analysis were prepared in 2 N HC1, so it 

was also determined to see what affect the HC1 would have on measured isotope 
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Figure 3.1 Measured isotopic ratios for NBS SRM-951 in pure water (solid 
lines), and in 2 N HCI (dotted lines). Numbered lines indicate 
sequence of analysis. 
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ratios. Calibration curves #5, #8, and #9 in Figure 3.1 seemed to indicate that 

the acid has a stabilizing effect on the isotopic measurements. Figure 3.2, 

however, illustrates the results of analyzing a 500 ppb B standard in 2 N HC1, 15 

consecutive times. Though the range of values is not as wide, the results are 

equally as random as for standards in deionized water alone. 

The mean of all 15 ratios measured in Figure 3.2 is 4.922 ± 0.0502. These 

results indicate that a solution under well constrained conditions still has a 

standard deviation of ± 12.4 per mil. 

The data in Table 3.1 demonstrate the problem created by such poor 

precision by attempting to bracket a ground water sample (BW-4B) with a known 

11B/10B ratio between standards of equal concentration. The sample was 

prepared by first extracting the boron using Amberlite IRA-743 resin, eluting with 

2 N HC1, and then diluting with 2 N HC1 to obtain a 500 ppb B solution. This 

sample was then measured several times bracketed between 500 ppb B standards 

also in 2 N HC1. The results for this analysis are compared to the known 11B/10B 

ratio which was obtained earlier using thermal ionization mass spectrometry 

(Bassett et al., 1989). The corrected 6 11B value for the sample is higher than 

the true value by as much as 33 per mil. The reasonably accurate correction 3 

per mil above the true value is the result of averaging a series of ratios which 

happened to be more consistent, following a series of much more random 

measurements and is probably coincidence. The standard deviation of these runs 

is still ± 6.5 per mil. 
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Figure 3.2 Boron isotope analyses using ICP-MS for solutions of 500 ppb B 
(NBS SRM-951) in a 2 N HC1 matrix. Each data point is the mean 
of 5 separate determinations; the standard deviation is indicated by 
the error bar. 
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Table 3.1 Analysis of a known leachate sample run alternately with NBS SRM-
951 to investigate the accuracy of 11B/10B determination on the ICP-MS. 

Sample* 
ID 

# of 
Determ. 

11B/10B 
Uncorrected 
Measured 
Ratio 
(TCP-MS-) 

Actual 
Ratio 
fTIMS) 

_ ** 
Corrected 

Ratio 
Error 
S 11B 

Trial #16 

Standard 5 4.492 4.0436 4.0436 — 

BW-4B 5 5.055 4.0315 4.1647 33.0 

Standard 5 4.874 4.0436 4.0436 — 

BW-4B 5 4.953 4.0315 4.0995 16.9 

Standard 5 4.897 4.0436 4.0436 — 

Trial #17 

Standard 15 4.972 4.0436 4.0436 — 

BW-4B 15 4.961 4.0315 4.0435 3.0 

Standard 15 4.950 4.0436 4.0436 

Standard means NBS SRM-951 in a concentration of 500 ppb B. 

** Correction factors were determined using the mean of the bracketing standards. 
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Each data point in Figure 3.2 represents the mean of five separate 

determinations. Each determination consists of a ratio of the actual number of 

10B and 11B ions measured by the detector over a 5 sec. interval. Figure 3.3 

illustrates the scatter in the determinations for points 1, 2, and 3 in Figure 3.2. 

The conclusion from this analysis is that there is a fundamental random 

component to the error in the determinations which results in a standard 

deviation much too large to be acceptable for this application. 

3.3 Instrument Parameters 

Instrument parameters must be optimized to improve signal to acquire the 

most sensitive measurement. The following instrument parameters were checked 

and used in the optimum configuration: argon gas flow rate, lens focus (4 

lenses), nebulizer configuration, integration time, peak hopping ratio, and number 

of sweeps. 

Data for these runs are not included here and do not under any 

circumstances improve the precision beyond the reported values discussed above. 

The observed error cannot be reduced further by optimizing the above 

parameters; the converse statement is that without optimizing the above, the 

error becomes much larger. 
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Figure 3.3 Distribution of the values of the five determinations of 11B/10B 
ratios in three of the analyses shown in figure 4.3 (pts. 1, 2, and 3). 
The error bar represents the standard deviation for the 5 
determinations associated with each run number. 
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3.4 Carbon Tailing 

The two isotope masses for boron occur in a unique location in the mass 

spectrum, 11B is adjacent to carbon (12C) which always produces a large peak. 

Carbon enters the system as an impurity in the argon gas and from the 

atmosphere, and is incorporated into the plasma as argon moves through the 

torch assembly. No attempt is made to restrict atmospheric contributions and 

therefore atmospheric gases prevent the analysis of these same elements in the 

aspirated sample. 

The potential interference lies in the fact that the signal for each element 

is centered on its appropriate mass number, but significant tailing away from the 

maximum values could interfere with adjacent mass analyses. Normally this is not 

important because solutions can be purified to eliminate adjacent peak 

interferences from other elements. In the case of boron, the interference is from 

an atmospheric gas rather than a solution component and cannot easily be 

eliminated. 

It was suspected that the "tail" of the carbon peak was contributing to the 

measured value for 11B, and that the fluctuations in isotopic ratios might be due 

to the influence of this tail in the total counts for 11B. 10B would not be affected 

because the atomic mass unit separation is too large. 

If fluctuations in the contribution of 12C were interfering, the precision in 

10B should be better than 11B, and 11B would be more significantly affected at 

lower boron concentrations. The data in Table 3.2 indicate that this is not the 
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source of the error. This and other data indicate that the 10B precision is of 

similar magnitude as 11B, the fluctuations between consecutive determinations are 

random, and there is no consistent bias for lower or higher boron concentrations. 

It is unlikely that the large standard deviation we observe is related to carbon 

tailing. 

Table 3.2 Absolute counts of 11B and 10B for a 500 ppb B NBS SRM-951 boric 
acid standard. 

Determination 11B Count 10B Count 

1 159700 31470 
2 154700 31170 
3 149900 30320 
4 153400 30160 
5 153000 31120 

mean 154100 30850 
±<7 2.3% 1.9% 

3.5 Memory Effects 

Isotopic fractionation might possibly occur if sample material were 

retained on the tubing and nebulizer. 11B/10B ratios might then drift one 

direction during sampling, and the opposite direction during the wash cycle. The 

data shown in Figure 3.4 illustrate the signal for the two isotopes in terms of the 

number of counts with respect to time. It is clear where sample introduction 
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700  

Figure 3.4 Display of two analyses of a 500 ppb B solution containing NBS 
SRM-951. Sample aspiration periods were 120 and 90 seconds; no 
significant memory effect was noted following the cessation of 
sample injection. The upper signal is 11B and the lower signal is 
10B. 
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begins and ends. The observed "tail" representing the residual is < < 1% of the 

total number of counts and is not significant enough to cause the interference 

observed. The following parameters were modified to determine the magnitude 

of their effect. 

Washing Time: Washing time was increased from 100 to 200 sec. with 

approximately 0.05 N HCL. No improvement was observed. 

Feed Time: Each sample was originally aspirated for 50 sec. before an analysis 

was begun. This time was increased to 200 sec. before beginning an analysis, but 

no improvement was observed. 

Acid Concentration: The HCL wash concentration was increased from 

approximately 0.05 N to 1.0 N HCL for the 100 sec. washing period. No 

improvement was observed. 

Washing with Base: 0.5 M ammonium hydroxide was used instead of HCL. 

Tailing was slightly more significant than with HCL 

Nebulizer Configuration: It has been reported that memory effects may be 

reduced by decreasing the dead volume in the delivery arm of the nebulizer by 

inserting a piece of teflon capillary tubing inside (J. Garbarino, personal comm.). 

This was tested, but again with no observable improvement. 

3.6 Ionization Fraction 

The degree to which atoms ionize is dependent on their ionization, 

potential at plasma temperature. The random error resulting in poor precision in 

the analysis of the B isotope ratio may be a function of the ionization fraction, 
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and, therefore, fundamentally tied to the element and the plasma characteristics. 

The fact that other workers obtained similar precision indicates the fundamental 

nature of the problem. Additionally, the fact that other elements with lower 

ionization potentials (such as lead) provide much better precision (Russ and 

Bazan, 1987) further supports this argument. 

Owing to the fact that external parameters could not be determined to 

account for the seemingly random variability, it was decided to test the stability of 

the plasma itself. Since boron is incompletely ionized in the temperature range 

of the plasma, instability within the plasma itself could have a significant impact 

on the ionization fraction. Isotopic fractionation as a result of ionization fraction 

should not be a problem as long as the percent remains constant, and the 

machine bias can be corrected with a known standard. If the plasma conditions 

are variable enough, changes in the ionization fraction could result in fluctuating 

isotopic fractionation. 

3.7 Xenon Measurements 

Xenon makes up a small percentage of the argon gas and also has a high 

ionization potential. It was measured to determine if reproducible results could 

be obtained for the xenon isotopic ratios. Six analyses were made of five 

determinations each for 131Xe/130Xe. The results of this study are displayed in 

Table 3.3. The randomness of these results which avoid the previously discussed 

problems strongly indicate that the source of the high standard deviation is 

internal within the plasma itself. 
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Table 3.3 Results of six 131Xe/130Xe analyses without sample aspiration. 

Analysis # 131Xe/130Xe ±o (%) 

1 1.675 2.3 
"2 1.647 3.1 
3 1.658 3.7 
4 1.612 3.0 
5 1.569 3.7 
6 1.541 2.9 

mean 1.617 3.3 

3.8 Conclusions 

It is suggested that the limit of precision on this instrument has been 

reached, which is probably in the range of ± 0.5 percent, or ± 5 per mil, under 

optimum conditions, which is not sufficient for the application to utility waste 

leachate. The source of the large error is strongly suspected to be instrumental, 

due to instability within the plasma and resulting in variable isotopic fractionation 

of elements with high ionization potentials. No further analyses were conducted 

using ICP-MS; rather a more precise and accurate procedure was adopted using 

thermal ionization mass spectrometry in the anion mode (Bassett et al., 1989). 
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CHAPTER FOUR 

BORON DESORPTION FROM FLY ASH 

4.1 Introduction 

If boron is removed from fly ash at a veiy slow rate, it may indicate that 

mechanisms are active such as diffusion or dissolution as well as adsorption; in 

which case, isotopic fractionation could occur as the ash is leached by water 

passing through the waste pile. If the heavier isotope is more readily brought 

into solution, the first water to move through would have a higher 11B/10B ratio 

than at a later time after 11B had been depleted. It would then be difficult to use 

the isotopic ratios to accurately identify ground water mixed with leachate. If 

however, boron is removed primarily by a rapid process such as desorption, the 

rate at which one isotope is removed over the other may not significantly alter 

the true 11B/10B ratio of the soluble boron in the ash. 

4.2 Preliminary Study 

A preliminary study was conducted in which 50.00 g of fly ash in 1000 ml 

of deionized water was placed on a shaker table at ambient pH. After 30 

minutes of reaction, the slurry was filtered, 1000 ml of deionized water was added 

back to the solid fly ash, and leaching was continued for a total of 24 hrs. The 

boron concentrations of the 24 hr. samples, with one exception, were lower than 

the 30 min. boron concentrations, suggesting rapid boron desorption toward 

equilibrium with the sorbed phase. The one exception was fly ash sample 150, 
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which may be explained by the analytical error, evidenced by the large standard 

deviation of the 30 min. sample. The results of this experiment are given in 

Table 4.1. 

Table 4.1 Boron concentrations for fly ash leachate filtering off all solution after 
30 min., replacing with deionized water and filtering again after 24 hrs. 

Sample 30 min. ±a 24 hr. ±17 

fppm) fppm) 

150 14.2 3.0 16.9 0.3 
152 3.3 0.3 1.6 0.8 
157 10.1 0.4 3.1 0.5 
159 11.6 0.7 10.8 1.0 

Although desorption is probably not the only process resulting in boron 

release into solution, it is certainly the primary process. If the dissolution of 

highly soluble borate minerals were controlling the reaction, virtually all soluble 

boron should come off during the first extraction. Dissolution of slightly soluble 

minerals, of which none are known, should result in equilibrium boron 

concentrations in solution which will be equivalent for successive extractions. 

Decreasing boron concentrations for successive extractions, also demonstrated by 

Mackay (1978) is the result of desorption phenomena. 
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4.3 Percent Soluble Boron 

The total boron content of the fly ash samples was provided by EPRI, but, 

since a fraction of the boron in fly ash is often insoluble (Cox et al., 1978), the 

percentage of the boron in the ash which is soluble should also be known. To 

determine the soluble fraction of each fly ash, a first attempt was made to run a 

column study using the same experimental set up used for the boron extraction 

steps (Figure 2.1). Ten grams of fly ash was added to a column dry, and 

deionized water was used to wash down the sides and wet all the ash in the 

column. Deionized water was then passed through the ash to be collected from 

the bottom in 500 ml aliquots until all soluble boron was removed. The flow rate 

proved to be much too slow, however, and the plastic, open pore frits holding the 

ash in the columns allowed the smaller fraction of the fly ash samples to pass 

through into the collection bottles. 

A similar procedure to that used by MacKay (1978) was then adopted. 

10.00 g of fly ash was weighed into a 1000 ml beaker with a teflon coated stir bar. 

Five hundred ml of deionized water was added and the slurry was stirred for 30 

min. After 30 min., the magnetic stirrer was turned off, and the slurry was 

allowed to settle for at least one and a half hours. The supernatant was then 

removed using a peristaltic pump and filtered through a 12 cm diameter 0.45 /tm 

cellulose acetate filter into a pre-weighed 500 ml plastic collection bottle. A 

small piece of 0.7 /tm fiber filter was taped into place over the entiy po'nt on the 

uptake tube to keep as much solid in solution as possible. 
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After the first sample was extracted, 500 ml of deionized water was 

replaced into the beaker, and the entire process repeated. A total of 10 samples 

for each fly ash was extracted by this method. In order to keep mass losses from 

the system to a minimum, the same 0.45 /im filter was used for all extractions. 

This allowed the small amount of mass that did reach the filter to continually 

come back into contact with the solution during each subsequent filtration. Since 

the desorption rate was known to be quite rapid from previous experiments, it is 

not suspected that any soluble boron was left on ash sitting on the filter. 

To determine the mass of boron removed from each fly ash, the tenth 

extraction was analyzed first. If no signal was measured, the ninth extraction was 

analyzed and so on until a measurable signal was obtained. That sample was 

then mixed with all the previous extractions to take a single concentration 

measurement using the method of standard addition on a DCP. The volumes of 

each sample were known from weighing the full bottles before mixing. By 

combining samples, this technique eliminated error caused by the addition of 

multiple measurements. Table 4.2 shows the results of this study. 

Table 4.2 Percent soluble boron at ambient pH for four different fly ash samples. 

Sample Percent Soluble Boron 

150 
152 
157 
159 

51.5 
11.6 
26.2 
37.2 
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The ambient pH of each fly ash slurry was monitored over a 24 hour 

period using 20.00 mg of ash in 1000 ml of deionized water open to the 

atmosphere. The results are graphed in Figure 4.1. 

4.4 Equilibrium Desorption Studies 

4.4.1 Procedures 

The primary objective of the desorption study was to determine the rate at 

which boron is removed from various fly ash samples at high and low pH values. 

To accomplish this, a Brinkman Dosimat 665 auto-titrimeter and a digital readout 

pH meter were interfaced with a computer. A computer program was then 

prompted to check, record and adjust the pH every 12 seconds over a 24 hour 

period. 

Four ash samples, representing different coal types and combustion 

conditions (Table 2.7), were analyzed for boron desorption at different times 

during a 24 hr. period at pH 4.0, and at pH 10.0. To maintain a constant pH, the 

program was designed to add a predetermined volume of concentrated HC1 or 

NH4OH to the solution whenever the measured pH was off by 0.005 or more pH 

units. The volume of the aliquot added each time could be changed during the 

course of the experiment to adjust for changing conditions. 

For each experimental run, 20.00 g of ash was added to 1000 ml of 

deionized water in a plastic beaker containing a teflon coated stir bar. The slurry 

was stirred continuously for the duration of the experiment, and sample aliquots 

were withdrawn at nine different intervals for analysis of boron concentration. 
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Figure 4.1 Ambient pH of four fly ash slurries open to the atmosphere over a 
24 hour period. 
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Samples were obtained by withdrawing 10 ml of the slurry with a 10 ml 

graduated plastic syringe. The syringe was then fitted to a Millipore Swinnex 25 

mm plastic filter holder, and the solution was forced through a 0.45 fim cellulose 

acetate filter into a pre-weighed 60 ml plastic collection bottle. A 10 ml aliquot 

of deionized water was then pipetted into the reaction vessel to replace the 

withdrawn aliquot, and the residue on the filter was also rinsed off in the vessel. 

The filter holders and the syringes were rinsed with deionized water and shaken 

dry between sampling times. New filters were used for each extraction. After the 

24 hr sample was extracted, the remaining solution was filtered and collected into 

a plastic bottle (one liter) using a 12 cm diameter, 0.45 /zm cellulose acetate 

filter.. 

The quantitative analysis for boron was done using DCP. More than 10 ml 

of sample is required per analysis, so each bottle containing sample was 

reweighed to determine the exact sample volume, and 30 ml of deionized water 

was pipetted into each (1:4 dilution). A set of boron standards with matched 

matrix ions were prepared for each fly ash sample using the remaining 24 hr 

solution for each experiment. 

In order to use these solutions for preparation of standards, it was 

necessary to remove the boron while leaving the matrix species in solution. The 

boron extraction columns described in Chapter 2 were employed for this task. 

This procedure required the pH to be raised for the samples run at pH 4 to 

ensure effective boron removal by the resin. This was accomplished by adding a 

few drops of ammonium hydroxide, which does not interfere with the boron 
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emission lines during analysis, raising the pH of each sample to 8 or above. A 

white gelatinous precipitate appeared in some samples during this process. These 

samples were refiltered before passing through the columns. All solutions were 

passed through the columns at a maximum rate of 1 ml/min, allowing the first 20 

ml to go to waste before collecting the remaining solution. 

For each of these solutions, 10 to 15 ml was pipetted into each of five 

plastic bottles, and diluted 1:4 with deionized water. Matrix matched boron 

standards were then prepared using the auto-titrimeter to introduce precise 

volumes of a 1000 ppm B standard, prepared in deionized water, into each bottle. 

Each of the leachate samples taken during an experiment was likely to be 

slightly different in ionic constituency, but the variation in the ions which 

potentially interfere with boron emission lines is too small to have significant 

impact on the boron concentration analysis. The one significant difference 

between the solutions for some of the experiments was the chloride concentration 

which increased through time due to the intermittent addition of concentrated 

HC1 by the auto-titrimeter. This was compensated for by calculating the volume 

of concentrated HC1 needed for each sample aliquot required to make it 

equivalent with the 24 hour sample. These volumes were then added using the 

auto-titrimeter. Since ammonium hydroxide does not interfere with boron 

analysis, no adjustment was made for increasing NH4OH concentrations. 



4.4.2 Results 

The results for boron concentration with respect to time at pH 4 and pH 

10 are graphically displayed in Figures 4.2 and 4.3 respectively. Graphical results 

of the mass of boron per square meter of fly ash surface area with respect to 

time, and the boron in solution as a percent of the total with respect to time may 

be found in Appendix C. Table 4.3 also summarizes the data for all the 24 hr 

results found in Figures 4.2, 4.3 and in Appendix C. 

For each experiment, 25 to 64 percent of the equilibrium concentration was 

present in solution within the first minute, with the exception of sample 159 at 

pH 4, for which only about 9 percent was in solution. By the 5 minute sample, 

all solutions, with the same exception, contained between 52 and 86 percent of 

their equilibrium concentrations. Sample 159 at pH 4 was the only experiment 

that did not reach at least 80% of the equilibrium concentration within the first 

30 minutes. pH was not observed to have an effect on the rate of desorption, but 

an effect was observed on the equilibrium concentration. 

From Table 4.3 it can be seen that the lower pH resulted in higher boron 

concentrations in solution than at the higher pH for all four fly ash samples. The 

percent boron in solution after 24 hours at pH 4 is also higher than the percent 

soluble boron measured at ambient pH in Table 4.2. If fused surface coatings 

contain the insoluble portion of the boron, as suggested by Pagenkopf and 

Connolly (1982) then the most probable explanation for the higher concentrations 

at lower pH values would be that this coating is being dissolved at the lower pH, 

thus exposing more boron to solution. It should not be a result of increased 
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Figure 4.2 Boron concentration with respect to time for several fly ash 
leachates at pH 4 (1/50 fly ash to water ratio (g/ml)). 
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metal borate solubility at lower pH because the response is much too fast. The 

slower reaction rate of sample 159 at pH 4 may be due to a slower reaction 

between a fused layer and the acid. 

Table 4.3 24 hr results for desorption of boron from four fly ash samples. 20 g 
fly ash in 1000 ml deionized water was used in each run. 

Boron Mass B per* % of 
Sample Cone. Surface Area Total B 

(ppm) (mg/m2) 

PH 4.0 

150 30.63 0.306 67.5 
152 1.50 0.010 21.3 
.157 6.72 0.336 39.1 
159 12.69 0.906 36.5 

pH 10.0 

150 19.09 0.191 42.0 
152 0.89 0.006 12.7 
157 3.92 0.196 22.8 
159 5.96 0.425 17.1 

* Mass of boron in solution per square meter of fly ash surface area. 

A comparison of the results of the four fly samples indicated no significant 

correlation between the concentration of boron in solution and either the surface 

area of the fly ash, or the total boron in the solid. Graphical results of these two 

investigations may be found in Appendix C. 

An attempt was also made to determine reaction rate constants for boron 
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desorption from each fly ash. The natural log, the inverse, and the inverse 

squared of boron concentration values were plotted against time to determine the 

order of the reaction. All plots proved to be non-linear, meaning the reaction 

must be greater than third order, and thus beyond the scope of this work. 
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CHAPTER FIVE 

APPLICATION OF BORON ISOTOPES FOR IDENTIFYING 
FLY ASH LEACHATE IN GROUND WATER 

5.1 Introduction 

If the difference between the boron isotopic ratios of two waters is greater 

than the uncertainty in measurement, the ratios can be used to distinguish 

between the two waters, or to determine the degree of mixing. This chapter 

describes the results of the boron isotopic analyses of fly ash leachate and ground 

water samples, and discusses the significance of the measured values and reported 

uncertainties for identifying leachate at the fringes of a contamination plume. 

5.2 TIMS Results 

The six ground water samples described in chapter two (Table 2.6), 

and the four leachate samples from the 30 min preliminary desorption studies 

described in chapter four (Table 4.1) were analyzed for their boron isotopic ratios 

using thermal ionization mass spectrometry in the anion mode. Analysis 

procedure and instrument parameters are discussed in detail in chapter two. 

Table 5.1 reports the results for each sample as the 6 11B shift from NBS SRM-

951. 
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Table 5.1 6 11B measurements of fly ash leachates and ground water samples 
using TIMS. 

Sample 0 11B* ± a 

leachate 150 -0.7 0.1 
leachate 152 -22.7 0.1 
leachate 157 -6.1 0.2 
leachate 159 -15.4 0.05 

W-4** -2.7 0.05 
BW-4B -3.0 0.1 
BW-2C +2.2 0.1 
W-18 +3.7 0.2 
Wl-A NA — 

BW-1B NA 

For samples marked NA, there was not enough mass of boron extracted to 
carry out the analysis. 
Relative location of ground water sampling sites is given in Table 2.6. 

The results for specific fly ash leachates show tremendous potential for the 

applicability of boron isotopes in identifying fly ash leachate as it travels and 

mixes with a ground water. With precision routinely obtained less than ± 1 per 

mil (Bassett et al., 1989; Duchateau et al., 1986; Zeininger and Heumann, 1983), 

and 8 11B shifts of up to 25 per mil between leachate and background water 

(Table 5.1), most fly ash leachates should be identifiable even when the volume 

contribution of the leachate to a sample is very small. The limit to which the 

edge of a plume may be outlined by this method will depend on the magnitude of 

the difference between the isotopic ratios and the boron concentrations of the 

two waters. 
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5.3 Mixing Calculations 

The 5 11B of a solution that is a mix of leachate and background water is a 

function of the 6 11B and the boron concentration of each independent water,, 

and of the volume percent that each is contributing to the new solution. The 

equation used to calculate 5 11B for a mixed water is: 

(S  11Bl)(Cl)(%l) + (S  11Bb)(Cb)(%b) 
8 Bu = 

M * (CL)(%L) + (CB)(%B) 

where C is the boron concentration, and % is the percent by volume, and the 

subscripts M, L, and B are for mixed, leachate, and background water 

respectively. 

The presently accepted method for determining the extent and magnitude 

of a fly ash leachate plume is to analyze water samples along a flow path for 

increases in specific ion concentrations above the naturally occurring background 

concentrations. Boron concentrations are most typically measured owing to the 

fact that leachate contains elevated concentrations of this element. In areas 

which have been heavily affected, and the boron concentration of the leachate is 

high, this method works well, but if the leachate has a lower concentration of 

boron, or the background concentration is uneven, a simple iso-concentrative map 

is not useful. Natural fluctuations in the background water and analytical 

imprecision make it impossible to attribute small increases in the measured boron 

concentrations to plume encroachment. 

Figure 5.1 shows a diagram of a hypothetical fly ash disposal site with a 
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leachate plume mixing and traveling with the ground water. The graphs beneath 

the plume show the boron concentration and the S 11B of the mixed water as the 

leachate becomes more and more dilute. In this example diagram, the leachate 

has a 5 11B 10 per mil lighter than the S 11B of the background, and the boron 

concentration of the pure end member leachate is 100 times more concentrated 

than the background. Long after the measured boron concentrations of 

background and plume samples have become virtually indistinguishable, (Figure 

5.1), the S 11B of the plume is still significantly different from the background. 

Figures 5.2 and 5.3 make a more rigorous comparison of the use of boron 

isotopes and boron concentrations. Both figures show the effect of taking the 

system shown in Figure 5.1, and display the consequences of lowering the boron 

concentration of the leachate. The S 11B of the leachate, S 11B of the 

background and boron concentration of the background are the same as before (-

10 per mil, 0 per mil, and 0.1 ppm respectively). The boron concentration of the 

leachate is plotted in both figures with 10 ppm B, and with 0.5 ppm B. 

Figure 5.2 illustrates the S 11B of the mixed water as a function of percent 

leachate by volume. If a conservative detection limit of ± 1 per mil is assumed, a 

leachate with 10 ppm B in this system can theoretically be detected using boron 

isotopic ratios in a water containing less than 0.2% leachate. If the leachate 

boron concentration is lowered from 10 ppm to 0.5 ppm (100 times the 

background lowered to 5 times background), the leachate is still detectable in a 

water containing about 2% leachate. 
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By contrast, Figure 5.3 illustrates the boron concentration of a mixed water 

as a function of percent leachate. If the leachate concentration is 10 ppm B, the 

plume may be detectable below 10% leachate. As mentioned earlier, however, 

natural fluctuations in the background boron concentration may account for some 

high measurements below 10% leachate with no way of differentiating. If the 

boron concentration of the leachate is lowered to 0.5 ppm, as in Figure 5.2, 

simple comparison using only the concentration of boron becomes virtually 

useless for samples less than 50% leachate. 

Fluctuations in the background boron concentration will have a slight effect 

on the use of boron isotopes in identifying fly ash leachate, but to a much smaller 

degree than when using boron concentrations for identification. In the previous 

example, if the 0.5 ppm B leachate were mixed in a localized area containing 

background boron as high as 5 times the normal (0.5 ppm B) so as to be equal to 

the concentration of the leachate, it would still be apparent that leachate was 

present with as little as 10% leachate in the sample. Attempts to quantify the 

percent leachate present would result in underestimates, but would still be 

qualitatively accurate. Using boron concentrations under the same circumstances, 

however, even qualitative results could not be trusted. 

Figure 5.4 is a more general graph illustrating how the 6 11B of a mixed 

water will change as a function of the percent leachate by volume in a sample for 

several different leachate to background boron concentration ratios. The 8 11B 

difference between leachate and background i6 again 10 per mil. It is of interest 

to note that even a leachate which has half the boron concentration of the 
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background can still be detected with less than 20% leachate in a sample. 

5.4 Discussion of Leachate Results 

To apply the previous discussion to actual fly ash leachate samples and real 

background water, the 5 11B of mixed water is again plotted as a function of 

percent leachate (Figure 5.5), but this, time using the measured & 11B and boron 

concentration of a background water, and values measured from fly ash leachate 

samples. 

The S 11B values for each fly ash leachate come from Table 5.1, and 

approximate boron concentrations are used from the 30 min ambient pH, 

preliminary desorption experiment described in chapter 4 (Table 4.1). These 

concentration values were chosen over the 24 hr concentration results to more 

closely match probable environmental conditions of brief solution contact time 

and ambient pH desorption. The background water used is sample W-18 from 

Table 5.1. The boron concentration of W-18 was measured using ICP-MS to be 

0.023 ppm. 

For all four leachate samples in this system, leachate could theoretically be 

detected in the ground water by the time a sample contained 0.05% leachate. 

What is possibly even more significant, however, is that in each case, the S 11B of 

the mixed water is already close to the pure leachate value by the time a sample 

contains only 2 or 3% leachate. 

Table 5.2 tabulates the percent leachate for each sample from Figure 5.5, 

required to lower the 8 11B of the mixed water from +3.7 to +2.7 per mil. Also 
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listed is the corresponding increase in the boron concentration for each water. 

While a 1 per mil shift in the S 11B value is enough to positively identify the 

presence of leachate contamination, concentration changes ranging from 0.001 to 

0.007 ppm B are not. 

Table 5.2 Percent leachate from four fly ash leachate samples required to lower 
the S 11B of background sample W-18 by 1 per mil, and the subsequent change in 
boron concentration. 

flv ash leachate background water mixed water 
S11B B Cone. % by S 11B " B Cone. S nB B Cone. 

Coom") Volume (ppm) ftjom") 

-22.7 3 0.03 + 3.7 0.023 +2.7 0.024 
-15.4 12 0.01 +3.7 0.023 +2.7 0.024 
-6.1 10 0.03 + 3.7 0.023 +2.7 0.026 
- 0.7 14 0.05 +3.7 0.023 +2.7 0.030 

5.5 Plume Water Samples 

The water samples provided by EPRI were collected from a leachate plume 

at a utility waste site. Analyses of the samples produced unsuspected, but 

insightful results. Figure 5.6 plots the 6 11B values for the four ground water 

samples from Table 5.1 against their boron concentrations. The solid line 

represents the expected relationship between S 11B and boron concentration for a 

leachate (using the mixing equation in section 5.3) with a 6 11B of - 3.0 per mil 

and a boron concentration of 15 ppm mixing with the background water (W-18). 



Samples W-4, BW-2C, and W-18 do fit the. curve well within their standard 

deviations. Sample BW-2C, however, is not where expected. Since the boron 

concentration in this sample is too high to be explained by natural background 

fluctuation, another explanation must be investigated. 

There are several possible explanations for why BW-2C does not fit the 

curve. Evidence for the first explanation came late in this study. After most of 

the laboratoiy work had been completed, it was discovered that the utility site at 

which the samples of plume and background water were collected, has recently 

undergone remediation work involving ground water pumping in some areas, and 

injection in other areas, the details of which are not available to us. 

In order to obtain the 8 11B measured for BW-2C in this system by 

injecting water into the plume, the native ground water must either have a nearly 

infinite positive 8 11B value, or the injected water must have a high boron 

concentration also with a positive 8 11B value. The first option is impossible, and 

the second is unlikely. This means there are probably other factors influencing 

these results besides the remediation work done at the site. 

A second possible explanation is a result of the wide range of measured 8 

11B values obtained for the different fly ash samples (Figure 5.7). If the type of 

fly ash deposited in a land fill or pond is changed after a period of time, the 6 

11B curve as a function of percent leachate or as a function of distance from the 

plume center will not be the same. 

Figure 5.8 compares the 5 11B of a plume along a flow path for two 

different scenarios. In the first hypothetical example (Figure 5.8a), fly ash 152 is 
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initial 5 11B of - 3.0 per mil, and a boron concentration of 15 ppm 
mixing with the background water W-18. 
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Figure 5.7 Summary of the ranges of boron isotopic ratios for ground water 
samples and fly ash leachates with respect to boron concentration. 
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deposited in a land fill and the leachate is mixed with ground water W-18. In the 

second case (Figure 5.8b), fly ash 150 is deposited and leached for a time before 

fly ash 152 is deposited with it. Boron may continue to leach off of fly ash 150 

for a time, but will eventually be leached of all its soluble boron, and fly ash 152 

will be the only source of boron at the plume center. The mixing front between 

the two leachates is not as steep because they are both high in boron 

concentration. 

For the situation illustrated in Figure 5.8b, mixing calculations to determine 

the percent leachate present in a sample are difficult; it is still apparent, however, 

when the boron isotopic ratio is significantly different from the ratio of the 

background water. Even though the degree of mixing can not be determined for 

sample BW-2C, it is certain that leachate is present. Measurements of boron 

concentrations may give support to this conclusion, as with sample BW-2C, but 

are still not better than using the isotopes, because different types of fly ash also 

yield different boron concentrations as well as different boron isotopic ratios. 

5.6 Potential Applications 

Because boron is ubiquitous in the natural environment, there are many 

potential applications for comparing the boron isotopic ratio of a foreign water 

that is moving into a natural water. The most immediate application will most 

likely be for defining the maximum extent of fly ash leachate migration beneath 

disposal sites. In addition to these uses, the ability to characterize the plume 



geometry will greatly assist calibration and validation of transport codes when 

applied to actual field situations. 
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Figure 5.8a,b The S 11B of a mixed water with respect to distance from the 
center of a plume for (A) fly ash 152 alone, and for (B) fly ash 
150 first and then fly ash 152 at a later time, as the leachate 
mixes with background water W-18. 



CHAPTER SIX ' 

SUMMARY AND CONCLUSIONS 

Boron is found in low concentrations in almost all ground waters. Because 

it is concentrated in plant tissue, boron is also usually found in higher 

concentrations in coal. While boron isotopic fractionation may occur during 

uptake into plant tissue, further fractionation is likely to occur during combustion 

of the coal as some of the boron is concentrated into the ash, and some escapes 

into the atmosphere as flu gas. Water passing through waste fly ash land fills or 

ponds may then have a boron isotopic ratio different from the background water, 

and identifiable from it. 

The results of this study show significant differences between the boron 

isotopic ratios of four fly ash leachate samples, and a background water sample. 

Absolute differences in the S 11B between a leachate and the background sample 

range from 4.4 to 26.4 per mil. 

With uncertainties using TIMS under ± 1 per mil, the difference between 

the S 11B of leachate and background water, even on the low end is more than 

adequate to be able to differentiate between the two waters using the boron 

isotopes. Uncertainties using ICP-MS, however, are greater than ± 5 per mil, and 

thus inadequate for this application. Instability of the plasma is suspected to be 

the source of the error, resulting in fluctuations in the degree of ionization of 

boron, which, in turn, may cause variable fractionation of the isotopes. 

Desorption rates were investigated at controlled pH values of 4 and 10 for 



each of the four fly ash samples. Desorption was found to be very rapid, with 

greater than 50% of the equilibrium concentration present in solution within 5 

minutes, and over 80% within 30 minutes for all but one of the 24 hour 

desorption experiments. Rapid desorption implies that fractionation of the 

isotopes during removal from the fly ash should not be a problem. Equilibrium 

concentration was found to increase with decreasing pH, probably due to the 

dissolution of surface coatings. The rate of reaction was not measurably affected 

by pH. 

Total soluble boron, determined by multiple leaching of the same ash at 

ambient pH, varied between 12 to 52 percent of the boron in the dry ash. 

Correlation between the percent soluble boron and the type of coal the ash had 

come from, or the pH of a leachate slurry was not observed. The temperature of 

combustion has been suggested as the primary factor determining percent 

solubility, but these values were not known. 

The degree to which the fringes of a leachate plume can be determined 

using boron isotopes was investigated by developing a series of theoretical mixing 

curves for leachate solutions and background waters of varying boron isotopic 

ratios and boron concentrations. Using a lower limit of detection of ± 1 per mil 

with TIMS, any of the four fly ash leachate samples analyzed could still be 

detected in the background sample when the leachate contribution was under 0.1 

percent by volume. Further study will be necessary to validate these results, but 

even if field conditions are less favorable, leachate contamination from these 

samples would be identifiable with less than 1 percent leachate in solution. 
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Analyses of ground water samples taken in and around an actual leachate 

plume for both boron concentration and boron isotopic ratios also showed 

significant differences between the S 11B of plume samples and the background 

sample, with the largest absolute difference being 6.7 per mil. Given the boron 

concentration of each sample, the expected 8 11B for each sample matched the 

measured value in only three of the four ground water samples analyzed. The 

sample that did not match had a boron concentration much higher than was 

expected for the measured S 11B value. The most probable explanation, based on 

the results of this study discussed above, is that at an earlier time, a fly ash with a 

different boron isotopic ratio was being disposed at that site. 

For situations where two or more types of fly ash may have been disposed 

in the same area, the use of boron isotopic ratios has the same limitation as 

boron concentration analyses, namely, an accurate determination of the degree of 

contamination cannot be made. Qualitatively, however, the use of the isotopic 

ratios could still identify positively the presence of leachate in locations where 

boron concentration analysis would not be useful. These locations would occur 

primarily at the fringes of a plume where the boron concentration is close to that 

of the background. 

Boron concentration analyses will continue to provide a rapid, accurate, 

and inexpensive method for roughly determining the extent of a fly ash leachate 

plume, or for mapping the heavily affected portion of an aquifer. For precisely 

determining the maximum extent of a contamination plume, however, boron 

isotopes may be used to identify leachate in the ground water at far smaller levels 
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than can be determined using boron concentrations. Isotopic analysis will also 

allow for identification of leachate containing boron at equal concentration with a 

background water where boron concentration analysis cannot be used. 

Boron isotopic ratio analysis could prove to be an invaluable tool for 

determining the total impact of a fly ash disposal site, and for use in validating 

transport models which attempt to predict the future movement of contaminants. 



APPENDIX A 

PARAMETER SETTINGS FOR DCP AND ICP-MS 
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DCP Operating Parameters 

sieve pressure 
nebulizer pressure 
slit size 
sample uptake rate 
CID temperature 
max integration time 

45 psi 
19 psi 
100 ftm x SO um 
1.5 ml/min 
77° K 
2 min 

ICP-MS Operating Conditions and Signal Measurement Parameters 

rf power 
plasma gas flow rate 
auxiliary gas flow rate 
nebulizer pressure 
sample uptake rate 
ion multiplier 
rod offset 
B 
E, 
P 
s2 
resolution mode 
measurement per peak 
scanning mode 
measurement mode 
measurement time 
repeats per integration 
dwell time 
cycle time 

1200 W 
13.0 L/min 
1.4 L/min 
37.0 psi 
1.8 ml/min 
4600 HV 
0.0 V 
55 
95 
13 
12 
high 
3 
isotope 
multichannel 
5.0 sec 
5 
300 msec 
5.0 sec 
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APPENDIX B 

ELEMENTAL ANALYSIS OF FLY ASH SAMPLES 
150, 152, 157, AND 159 PROVIDED BY EPRI. 

Elemental analyses of dry fly ash samples supplied by the Electric Power 
Reasearch Institute (EPRI). Concentrations are in Mg/g-

fly ash 
Element Method 150 152 157 159 

A1 Ti (XRF) 65567 137633 107000 91833 
Ave (K/Ni, Na/Zr) 70031 122774 97549 96314 

AA 65933 117000 94333 91933 
Ag Am (XRF) <7.6 <7.6 <8.1 <7,5 
As Zr (XRF) 12 239 98 90 
B Ave (K/Ni, Na/Zr) 2267 352 861 1739 
Ba. Am (XRF) 1863 933 413 2373 

Ave (K/Ni, Na/Zr) 2442 911 424 2346 
Be Ave (K/Ni, Na/Zr) <19.8 <19.9 <24.7 <19.9 
Ca Zr (XRF) 134267 14013 20567 72400 

(K/Ni (ICP) 125734 14574 18336 70535 
AA 119667 13867 19933 68333 

Cd Am (XRF) <8.5 <8.4 <8.6 <8.5 
CI Ti (XRF) <160 <120 ND <130 

Zr (XRF) <670 <670 <970 <650 
Cr Zr (XRF) 94 225 228 113 
Cu Zr (XRF) 80 208 127 134 
Fe Zr (XRF) 49967 125867 192600 90000 

Na/Zr (ICP) 40216 106541 167157 75001 
AA 38667 104333 157333 74200 

Hg Zr (XRF) <3.8 <9.2 <16 <5.5 
K Zr (XRF) 5997 16353 21933 13070 

AA 10333 20533 20000 16600 
Mg Ave (K/Ni, Na/Zr) 18334 4941 4996 19118 

AA 17300 4633 4880 18033 
Mn Zr (XRF) 392 256 197 1478 

Ave (K/Ni, Na/Zr) 367 291 303 1274 
Mo Ag (XRF) 11 38 90 16 

Data continued on next page. 
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fiv ash 
Element Method 150 152 157 159 

Na K/Ni (ICP) 31559 5239 8155 5820 
AA 29067 2867 4300 3700 

Ni Zr(XRF) 47 205 183 100 
P Ti (XRF) <1200 1893 ND <1000 

Zr (XRF) <4700 <4400 <5200 <4200 
Pb Zr (XRF) 35 129 127 50 
S Ti (XRF) 14420 9317 ND 4660 

Zr (XRF) 15200 7520 9533 4300 
Sb Am (XRF) <11 18 22 <11 
Se Zr (XRF) 22 8.1 <2.9 19 
Si Ti (XRF) 206667 226667 ND 217667 

Zr (XRF) ND ND 197667 ND 
Ave (K/Ni, Na/Zr) 223933 201493 209908 242009 

AA 220333 198000 204667 236333 
Sn Am (XRF) 18 15 14 <9.8 
Sr Ag (XRF) 1590 1146 225 1657 

Ave (K/Ni, Na/Zr) 1728 1189 268 1841 
V Zr (XRF) 105 351 507 153 

Ave (K/Ni, Na/Zr) 152 365 551 245 
Zn Zr (XRF) 52 270 548 127 

Ave (K/Ni, Na/Zr) <198 <199 619 <199 



APPENDIX C 

GRAPHICAL RESULTS FOR 24 HR. BORON DESORPTION 
FROM FLY ASH EXPERIMENTS 
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Figure C.l Mass of boron in solution per square meter of fly ash surface with 
respect to time for several fly ash leachates at pH 4 (1/50 fly ash to 
water ratio (g/ml)). 
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Figure C.3 Mass of boron in solution as a percent of the total mass of boron in 
the unleached fly ash with respect to time at pH 4 (1/50 fly ash to 
water ratio (g/ml)). 
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