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BORON ADSORPTION ON HEMATITE AND CLINOPTILOLITE 

ABSTRACT 

This thesis describes experiments performed to determine the 

suitability o£ baron as a potential reactive tracer for use in 

saturated-zone C-weil reactive tracer studies for the Yucca Mountain 

Project (YMP) . Experiments were performed to identify the prevalent 

sorption mechanism of boron and to determine adsorption of boron on 

hematite and clinoptilolite as a function of pH. Tnese minerals are 

present in the Yucca Mountain tuff in which the C-well studies will be 

conducted. Evaluation of this sorption mechanism was done by determining 

the equilibration time of boron-mineral suspensions, by measuring 

changes in equilibrium to titrations, and by measuring electrophoretic 

mobility. Experiments were performed with the minerals suspended in NaCl 

electrolytes of concentrations ranging from 0.1 N NaCl to 0.001 N NaCl. 

Experimental conditions included pH values between 3 and 12 and 

temperature of about 38°C. 

Sorption studies indicate that boron sorbs at the pH range of 

Yucca Mountain waters (6,7 to 9.4) with detectable concentration 

changes. Computer modeling suggests that at C-well water temperature 

(38°C) and pH conditions, the boron B(0H>4" species would be present in 

sufficient molar concentration for sorption to be possible. Computer 

simulations with J-13 water and a spike of 100 mg/L boron showed minimal 

effects on water speciation and mineral solubilities. Electrophoretic 

mobility and potenticraetric titrations of hematite and clinoptilolite 

indicate a shift in the pH of zero point of charge (ZPC) to a lower pH 

after boron additions. This shift suggests a pH-dependent sorption 

interaction of boron with the studied materials, indicating that boron 

chemisorbs. Both electrophoresis and potentiometrie titration results 
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supported each other on obtaining the pH of ZPC for both clinoptilolite 

and hematite. The pH of ZPC for clinoptilolite was measured at 3. The pH 

of ZPC for hematite was measured at 6.U. 

Clinoptilolite adsorbed boron at high pH values, reaching a 

maximum of 12% at pH 8 (initial boron concentration of 20 mg/L and 

electrolyte strengths of 0.1 N and 0.001 N NaCl). Hematite adsorbed 

boron at approximately 10% of the initial concentration of added boron 

{10 nig/L initial concentration at electrolyte strengths of 0.05 N and 

0.005 N NaCl). Boron adsorption on hematite reached a maximum of 15% at 

pH values between 9 and 10. 

Even though this thesis did not conclusively show that boron is 

acceptable for field use, it did find boron to be a potential tracer for 

further characterization as a chemisorbed tracer based on the following: 

presence of a dominant sorption mechanism, soluble in water, detectable 

in low concentrations, exclusion as a pollutant of priority in federal 

environmental regulations, and low natural background concentrations in 

Yur.ca. Mountain waters. 

Further studies should include batch experiments at various boron 

concentrations, and temperatures on natural materials and other minerals. 

Column studies will be needed to establish transport behavior prior to 

using it in field-scale tests. Boron should also tested in the presence 

of other tracers if they will be simultaneously used in the C-well field 

tests before a final decision on the suitability of boron as a tracer 

can be made. 
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1.0 INTRODUCTION 

The purpose of this thesis is to examine boron as a candidate 

tracer to be used in saturated-zone C-well reactive tracer studies for 

the Yucca Mountain Project (YMP). Experiments were implemented to 

determine whether or not boron is a suitable tracer for C-well field 

tests. Suitability was gauged by determining the amount of sorption 

observed and the controlling sorption mechanism. 

The experiments in the C-wells are part of the characterization 

efforts to determine if the Yucca Mountain site is suitable as a long-

term storage site of defense and civilian high-level nuclear waste. 

1.1 Reactive Tracer Experiments 

The objective of the C-well study is to select tracers that 

individually represent a prevailing sorption mechanism and extent of 

retardation. Sorption information will be derived from laboratory tests 

information that can then be used to design field-scale *ests and to 

analyze sorption-study results. Field-scale results will be compared to 

those predicted in the laboratory. 

The C-well study has been organized as three phases: (1) a 

laboratory phase, which includes tracer identification and 

characterization, (2) field tests using single- and/or multi-jle-well 

designs with forced gradients (pumping) to provide breakthrough curves 

at field scale, and (3) computer modeling to assist experimental design 

and analysis of laboratory and field studies. This thesis focuses on 

1 



efforts within the laboratory phase of the study, including tracer 

identification and characterization. 

1.2 Study Justification 

Characterization of the potential high-level nuclear waste 

repository at Yucca Mountain requires an accurate description of the 

saturated-zone hydrologic characteristics of the site. Geocheraical-

characterization of the site depends primarily on laboratory experiments 

that use geologic materials to determine parameters governing transport 

and geochemical processes. Ideally, groundwater injection tests would 

use radionuclides as tracers. This is not possible in the C-well study 

because of federal regulations limiting emission into the environment 

(Table 1). Tracers chosen for the experiments must meet environmental 

standards for the concentrations at which they will be used in the field 

tests. Furthermore, the tracers must exhibit the following 

characteristics: (1) be soluble in water in order that they can follow 

flow patterns, (2) show a prevailing sorption mechanism, (3) be 

detectable in low concentrations so that a breakthrough curve can be 

accurately determined, and (4) sorb strongly enough that concentration 

changes can be detected, but not so strongly that the time required to 

run field tests is excessive. 

1.3 Study Description 

Boron as boric acid (specifically its borate ion) was chosen as 

the tracer to be evaluated. Boron was selected because it exhibits the 



Table I, Regulatory Limits for Various Chemical. Substances 
in the Environment. 

MCL (ug/L)<* FAC (ug/L)u RQ '!:g) 

Boron NL NL NL No 
Copper 1,000 18 45 Yes 
Lead 50 82 45 Yes 
Nickel NL 1,800 45 Yes 
Vanadium NL NL 454 c No 
Zinc 5,000 320 454 Yes 

MCL - Maximum Contaminant Level (U.S. EPA, 1988) 
FAC - Freshwater Acute Criteria (U.S. EPA, 1988) 
RQ - Reportable quantities of hazardous substances (Federal 

Register, 1987, Vol. 52. No. 50, pp. 8167-8171). 
TP - Listed under the Toxic Pollutants Clean Water Act 

(Environment Reporter, 1987, Vol. 4, No. 3) 
NL - Not listed 
a. U.S. EPA drinking wat^r standards for protection of 

human health 
b. U.S. EPA water quality criteria for protection of 

aquatic life 
c. Limit for vanadium pentoxide 



following characteristics: (1) soluble in water, (2) detectable in low 

concentrations (mg/L), and (3) literature documenting that boron adsorbs 

primarily by one mechanism, chemisorption, and that it sorbs strongly 

enough to detect a concentration difference (Goldberg and Glaubig, 1988, 

1985, 1986a, ami 1986b, and Keren and Gast, 1983). 

The geochemical codes PHREEQE (Parkurst et al. , 19&0) avid EQ3AR 

(Wolery, 1983) were employed to simulate the tracer behavior at various 

pH values, temperatures, and element (tracer) concentration values under 

experimental conditions. Geochemical modeling was used to aid in the 

design of the experiments. The experiments chosen to characterize the 

tracer include kinetic experiments to determine minimum equilibration 

time, potentiometric titrations and electrophoretic mobility 

measurements to determine the prevailing adsorption mechanism, and boron 

adsorption to determine the degree of sorption of boron on the selected 

minerals. 

The experiments used two selected minerals. These minerals are 

present in the Bullfrog Member of the Crater Flat Tuff formation, the 

formation where the C-vell field studies will be conducted. Because 

material (tuff) from the Bullfrog Member was unavailable at the time of 

the study, minerals were obtained from a vendor. The minerals selected 

were hematite and clinoptilolite (see Table 2 for mineral abundances in 

Bullfrog Member). These minerals were selected for their expected large 

sorptive capacity and for their presence in Yucca Mountain tuff. All 

experiments and measurements were performed at a controlled temperature 



Table 2. Average Mineralogical Composition of the Bullfrog 
Member of the Crater Flat; Tuff Formation, Yucca 
Mountain, Nevada 

Range of 
Mineral Percent Composition 

Quartz 20-40 
Cristobalite 0-5 
Alkali Feldspar 10-60 
Hornblende 0-1 
Mica 0-3 
Clinoptilolite 0-40 
Mordenite 0-40 
Smectite 0-20 
Hematite 0-1 
Calcite Trace 

Source: Bish and Chipera (1986), Bish, et al. (1982), 
Carlos (1985), and chipera (1986). 



of 38 + 1°C, which is the average temperature in the borehole at a depth 

of 700 feet. 

1.4 Objectives 

The main objective of this thesis is to evaluate boron as a 

reactive tracer sorbed by a prevailing chemical mechanism (e.g., 

chemisorption or surface camp lexat ion.) . Additional objectives are to 

implement experimental procedures for evaluation of boron; to determine 

the sorptive characteristics and extent of sorption of boron on the 

minerals hematite and clinoptilolite; and to provide conclusions and 

recommendations useful in future evaluations of tracers. 

If boron shows a prevalent adsorption mechanism and enough 

sorption to allow discrimination of the initial boron concentration and 

the boron concentration after sorption, it may be used in C-well field 

tests. The information obtained from the C-well tests is critical in 

evaluating the suitability of Yucca Mountain as a storage site for high-

level nuclear waste. 
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2.0 THEORETICAL BACKGROUND 

Laboratory experiments were chosen to Identify the prevalent 

sorption mechanism for boron and to determine the pH at which maximum 

adsorption of boron occurs on hematite and clinoptilolite. /he 

evaluation of the sorption mechanism was accomplished first by 

determining the equilibration time of the boron-mineral suspension; 

second, by measuring changes in equilibrium to titrations; and third, by 

measuring electrophoretic mobility. Evaluation of boron adsorption oh 

che selected minerals was accomplished by sampling, filtrating, and 

analyzing the equilibrated solution. Sorption mechanisms and mechanism 

determination will be discussed in sections 2.1 and 2.2. respectively; 

kinetics in section 2.3; and boron sorption in section 2.4. 

2.1 Double- and Triple-Layer Models 

Sorption is the adhesion of a solute ion or chemical entity to a 

solid surface. This adherence occurs in various ways atid might involve 

the removal of a solute molecule from solution, removal of a solvent 

from a solid surface, or the adherence of a solute to a surface. The 

various ways in which sorption takes place are called sorption 

mechanisms, which generally can be classified by the type of energy that 

binds the components together: physical sorption (electrical energy) and 

chemical sorption (chemical energy) (Cole, 1983). Properties 

characteristic of each sorption mechanism can be used to differentiate 

between them. Cheraisorption is characterized by heats of adsorption 

greater than 20 kcal/mole, whereas physisorption is characterized by 
7 



values less than 12 kcal/mole (Cole, 1983). Chemisorption is 

characterized by large changes in molecular vibrational frequency 

(>0.1%), physisotrption by frequencies of -0.1%. 

Chemisorption shows energies of interaction between surface and 

adsorbate that result from short-range chemical forces and strong 

bonding (i.e., orbital overlap with electron pairing, covalent bonding, 

hydrophobic bonding, hydrogen bridges, exchange, or sharing). 

Chen: i sorption can be subdivided into surface coraplexation, llgand 

exchange, and surface hydrolysis. Electrostatic attraction or weak 

bonding with long-range forces is the energy of interaction 

characteristic of physisorption (i.e., electrostatic, ion exchange, 

hydrogen, or Van der Uaals). Table 3 shows the major differences between 

typical physisorption and chemisorption, 

A different classification scheme is based on the capacitance 

model double- and triple-layer models. In these models, the electrical 

state of the surface depends on the spatial distribution of free charges 

that surround it. 

There are various layer-based models. The simplest model 

(Helmholtz) views the electrified surface as consisting of two sheets of 

charge: one on the surface, the Inner Helmholtz Plane (IHP); and one in 

the solution, the Outer Helmholtz Plane (OHF). The OHP is the innermost 

plane of the diffuse layer and is the region of electrostatic 

interactions, and the IHP is the region for specific chemical 

interactions (see Figure la) (Westall and Hohl, 1980). 



Table 3. General Characteristics of Adsorption Processes 

Characteristic Physical Chemical Physical 
and chemical 

Enthalpy, H Low High Low 
(kcal/nole) <12 >20 (?) 

Changes in Small Large Small 
vLbration (-0.1%) to larg° 
frequency 

Bond Weak Strong Weak 
strength (readily (can be removed (readily 

removed by only by heated removed by 
cold evacuation) cold 
evacuation) evacuation) 

Type of bond Similar to Orbital overlap, Physical and 
liquefac- electron pairing chemical 
tion exchange, and 

sharing 

Too weak 
to cause 
physical 
or chemical 
change 

Strongh enough 
for physical 
and chemical 
change 

Too weak to 
cause 
physical 
or chemical 
change 

pH dependence Independent Dependent Physical and 
chemical 

Source: Thomas (1987), Cole (1983), and Uestall (1987) 
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A second model (Gouy-Chapman) shows a balance between 

electrostatic and thermal forces (when charges are jxposed to thermal 

motion) (see Figure lb). The third model (Stern) divides the region near 

the surface in two regions. The first region (IHP) consists of a layer 

of ions specifically adsorbed at the surface and forms the compact Stern 

layer. These specifically adsorbed ions contribute co the charge oo and 

experience the potential I/>1. The second region, consisting of the 

diffuse layer, or Gouy Layer, contains all nonspecifically adsorbed ions 

(see Figure lc,d) (Etumm and Morgan, 1981). 

In general, distribution of charges in double-layer models is 

idealized as an electrochemical double-layer. One layer (inner sphere) 

is imagined as a fixed charge, or surface charge, attached to the solid 

surface, while the other layer (outer sphere) is distributed more 

diffusely in the liquid in contact with the surface (Stumro and Morgan, 

1981). 

The triple-layer model represents three ways in which an ion can 

be attached to a solid surface (Figure 2). All the Models previously 

described are conceptually identical to limiting cases of the triple-

layer model (Westall, 1987). Potential-determining ions are assigned to 

the surface plane (zero layer); they have potential #o and charge ao. 

Within this capacitance layer (C^) are ions less intimately associated 

with the surface but are still bound by chemical interactions with the 

surface. These ions contribute the charge îl and have the potential a\. 

These two layers are constant-capacitance layers and are regions of 

chepical bonding or surface complexation (chemisorptio..). These two 
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Figure 2. Triple-la/ar model for the structure of the solid-
solution interface. The raodel is represented by 
the electrostatic potential profile through, the 
interface. 
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layers are equivalent Co the IHP of the double-layer models. The OHP is 

the innermost boundary of the diffuse layer, a region of attachment 

through electrical attraction or physisorption. Ion exchange can occur 

in any v£ the three layers. 

Based on the triple-layer model, the sorption mechanisms can be 

divided into inner-sphere and outer-sphere mechanisms. Inner-sphere 

adsorption occurs in the same plane as H and OH". Inner-sphere 

reactions have some pH dependence and less NJ. iiid Ca concentration 

dependence. Outer-sphere reactions have strong pH dependence and some Na 

concentration dependence. The closer the ion is to the surface, the more 

influence it has on outer-sphere layers because it has an effect on the 

overall potential. Sodium is an outer-sphere ion and does not influence 

the inner-sphere, whereas H and OH" are inner-sphere ions and influence 

the potential of the outer layers. The difference between the inner and 

outer-spheres is the electric potential by which the ion is attracted. 

Chemical energy drives both inner- and outer-sphere reactions. Potential 

is created by the strength and type of bonding (adherence) of adsorbate 

to solid surface (Westall and Hohl, 1980). By setting up experiments to 

define reactions with pH, and Na or Ca (concentration) dependence, 

adsorption mechanisms can be identified. 

2.2 Sorption Mechanism Determination 

Zero Point of Charge (ZPC) experiments are a technique for 

evaluating general sorption mechanisms. ZPC is the pH at which a solid 

surface charge is zero. The contribution to a surface charge may be from 
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any souece; e.g., a sorbed tracer (Parks, 1967). To decerraine che 

sorption mechanism of a tracer, the ZPC of the solid must first be 

determined, followed by that of the solid with the added tracer. If the 

ZPC changes from that of the pure solid, then chemisorption (surface 

complegation) of the tracer is inferred. If the ZPC does not change with 

the tracer addition, then physisorption (electrical sorption) is assumed 

(Sposito, 1981). Two procedures to determine ZPC are potentiometric 

titrations and electrophoretic mobility measurements. Discussions of 

these procedures follow. Refer to Stumm and Morgan (1981), Beyrouty et 

al. (1984), and Keren and Gast (1983), among others, and see section 

3.2. 

2.2.1 Potentiometrie Titration 

Potentiometric titration involves the determination of the fixed 

surface charge as a function of pH (Stumm and Morgan, 1981). The solid 

is ground and dispersed in solutions of an indifferent (nonspecifically 

adsorbable) electrolyte (e.g., NaCl solution). Aliquots or the 

dispersion ace titrated with a standard base (e.g., NaOH) and a standard 

acid (HCl), The resultant titration curve is compared to a curve 

obtained in absence of the solid. The quantity of H or OH" bound 

(adsorbed) is calculated from the difference between the two curves. ZPC 

corresponds to the pH where the surface is uncharged and specifically 

adsorbable ions, other than H or OH", are absent (Stumm and Morgan. 

1981). The chemical properties of the surface are sensitive to the 

composition of the aqueous phase (surrounding solution) because specific 



adsorption (cheraisorption) can increase, decrease, or reverse che 

effective surface charge of the solid. Specifically adsorbable anions 

make che surface to which they sorb more negatively charged. This 

results in a shift of ZPC to lower pH values (Beyrouty et al., 1984). 

ZPC is therefore an important source for determining sorption 

mechanisms. 

The surface charge a (Cm ) (C - Coulombs) arises from the 

specific adsorption of H or OH" and of ions close to the surface. Stumm 

and Morgan (1981) show that the value of surface charge (sigma) can be 

determined experimentally from the extent of adsorption of charged 

species, as follows: 

1. In the absence of specifically adsorbable (cheraisorbed) ions: 

a = r(r„ - r o n ) <i> 
2. In the presence of a specifically adsorbable anion HnA(z-n) 

o- = F(r„ - r O H - zr A , .) (2) 
In general: 

" = F(r„ - r 0 1 1 + £ 2 j r M = . _ £ Z y r A , - ) 

z - magnitude of charge of nonhydrolyzed cation or 

deprotonated anion, 

H - adsorption density of H and its complexes (raol m* ), 

OH - adsorption density of OH" and its complexes (mol m ), 

M z + - adsorption density of cations and their complexes 

(3) 



A z" - adsorption densities of deprotonated anions and their 

complexes (raol m ). 

In potentiometric titrations, che Lean surface charge Q (the 

charge due Co OH" or H +) can be calculated as a function of the pH of 

rhe dispersion, which is taken from the difference between total added 

base or acid and the equilibrium OH" and H ion concentration for a 

given quantity of solid. 

C = C A-C. + [OH-]-[H*] w 

where 

Cg - moles of base added per l i t e r , 

CA - moles of acid added per l i t e r , and 

a - the concentration of solid used (Kg/L). 

If the specific surface area S (era Kg" 

'the surface charge stgraa can be calculated as 

a^QFS~l = F{TH. - r O H - ) (5) 

The pH of ZPC (pH Zp C) is the pH of Che solution in which che adsorption 

densities of OH" and H + are equal (SCumra and Morgan, 1981). 

2.2.2 Electrophoretic Measurements 

Electrophoresis is the movement of charged parcicles suspended in 

a liquid under che influence of an applied field. In this technique, the 



colloid.il fraction of Che pH-adjusCed suspension (solid with indifferent 

electrolyte) is used. 

Electrophoretic mobility is measured in a cell in which the 

colloidal suspension is placed (see Figure 3). The cell has two 

electrodes (cathode and an anode) through which voltage is applied. When 

the electric field is applied across the electrolyte, the particles 

suspended in the medium will be attracted to the electrode of opposite 

charge to the respective particle. Electrophoretic mobility (EM) is a 

measure of the speed of the colloid relative to the strength of the 

electric field (voltage applied). EM is defined as the colloid velocity 

in microns per second divided by voltage field strength in volts per 

centimeter. The EM units are raicrons/sec per volt/cm. EM can be used to 

calculate zeta potential of the colloidal system from the Smoluckowski 

formula (Zeta Meter, 1983), 

EM „ Er Eo Y, (6) 
n 

'whe re 

EM - electrophoretic mobility, 

n - liquid viscosity, 

Er - dielectric constant of liquid, 

Eo - dielectric constant of vacuum, and 

Y •» zeta potential or potential drop across the diffuse part 

of the double layer. 

Charge and potential are related by capacitance: 

oQ = K^o Of 
17 
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Figure 3. Relationship Becween Microscope Ocular Micrometer 
and Electrophoresis Cell. 

Source-. Zeta Meter <1983) 



where 

Capacitance - Charge Coulombs 
Potential Difference Volts 

k - i^'egral capacitance, 

C - differential capacitance, and 

d =» derivative. 

Capacitance can be defined for the Stern layer and diffuse layer 

of the double-layer model (Stumm and Morgan, 1981) (see section 2-1 and 

Figure 1): 

Q __ da0 E W £ Q <9) 
camptct dCV0 ~V4)~ 6 

_ dtrd 

where 

Em - relative dielectric permitivity in the Stern layer and 

5 - thickness of the compact layer (Stern). 

The interface is handled as a two-layered electrical condenser 

with two capacitances in series: 
G total "* C compact + ^ diffused-

At ZPC, both the surface charge and EM are zero. By measuring the 

EM of colloids suspended in the electrolyte medium at adjusted pH, one 

can derive curves and calculate ZPC or zero EM. The electrophoretic 

mobility of the material (mineral), with and without the cracer, is 



measured. From these jieasureraents, Che sorption mechanism of the added 

tracer can be inferred- This is done by plotting EM versus pH, the pH of 

ZPC being that point ac which EM is zero. Specific adsorption 

(cheraisorption) of Che tracer is inferred when the pH of ZPC for the 

material with the added tracer is less than the pH of ZPC for the 

material without the tracer. Electrostatic adsorption (physisorpcion) of 

the tracer is inferred if the position of pH of ZPC is Che same on-

samples with and wichout cracer added (Keren and Gast, 19C3) (see Figure 

4). 

2.3 Kinetics Experiments 

Kinetics experiments were used to determine the equilibration time 

of boron adsorption in all contact time experimenCs. Kinetics 

experiments were set up to establish a minimum apparent equilibration 

time between the solid (mineral) and the solution (electrolyte and 

electrolyte with tracer). Apparent equilibration times were needed for 

ZPC experiments and adsorption experiments in order co allow enough 

mixing time (contact time). The system must be in equilibrium co make 

proper measurements. The kinetics observed in batch experiments is a 

function of chemical and physical processes. Ions first diffuse through 

the solvent in order to reach the sorptive (solid) surface. This is 

known as bulk diffusion. Second, ions diffuse through a stagnant solvenc 

film (film diffusion) next to the solid surface (double- or triple-

layer). Once the ions have diffused into the solid surface, they can 

adsorb chemicalLy. or physically, or diffuse into the solid and then 
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a. 
— Without tracer 
— With tracer 

Acid / Base Concentration 

pH 

b. 
— Without tracer 
— With tracer 

Acid / Base Concentration 

Figure 4. ZPC used to infer the type of sorption mechanism: 
(a) electrostatic adsorption, (b) surface 
compVexation. 



sorb (Intraparticle diffusion). Any of these processes might be Che 

cause for the measured change in concentration over time (Benefield et 

al., 1982). 

2.4 Boron Sorption 

As stated earlier, sorption is the adhesion of a solute ion to a 

solid surface. This can involve the removal of a solute molecule from 

solucion, the removal of a solvent from a solid surface, or the 

adherence of a solute to a surface. Sorption is a factor in the 

retardation of solute migration. If the prevailing sorption mechanism of 

the ion or tracer is surface complexation (as in the case of boron, see 

sectjon 3.4,2), pH is an influential component on the amount of tracer 

sorbed (see section 2.1, triple-layer model). In the case of boron, one 

reason for the pH dependence is the response of the system to variations 

in pH. Below pH 7, the species B(0H>3, which does not sorb very 

strongly, predominates (Keren et al., 1981). As the pH increases (e.g., 

to pH 9), the dominant species is B(OH)i,", which sorbs strongly (Keren 

et al., 1981). 

Sorption experiments were carried out in batch systems to 

determine boron adsorption as a function of pH on the minerals 

clinoptilolite and hematite. The pH of the solutions was adjusted (by 

adding acid or base) after the boron additions. Sorption was determined 

by calculating the amount of boron adsorbed from the differences in 

concentration between the initial boron added to the solution and the 
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boron concentration measured after equilibrium. The results were 

obtained by plotting percentage sorbed against pH. 



? LITERATURE REVIEW 

This section identifies sources of information used in this study. 

The sources of information were obtained by seeking references from 

published literature and by computer literature search. The data bases 

searched included the STN (Scientific and Technical Information Network) 

international chemical abstracts and the STN international energy data 

base. Key words and terms used for the computer search included the 

following: boron, boron adsorption, boric acid, adsorption, sorption 

equilibrium, anion adsorption, leaching, surface complexation, isotherm, 

ligand, clays, soils, minerals, ion exchange, hematite, clinoptilolite, 

isoelectric point determination, zero point of charge, zero point 

titration, and point zero salt effect. 

This chapter is divided into the following sections: (1) Yucca 

Mountain, Nevada 3nd C-Well geology, (2) Sorption Mechanism 

Determination, (3) Geochemical Codes PHREEQE and EQ3/6, and (4) Boron 

and Minerals. 

3.1 Yucca Mountain and C-Well Geology 

The process of licensing a high-level nuclear waste repository at 

Yucca Mountain has resulted in an intensive effort to characterize the 

site. Studies pertinent to this research include mineralogical 

characterization work by Bish et al. (1982), flish and Chipera (1986), 

Chipera and Bish (1988), and Scott and Castellanos (1984), who identify 

the following minerals as present in the Bullfrog Member (where the C-
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well study will be conducted): quartz, cristobalite, alkali feldspars 

(albite and sanidine), clinoptilolite, mordenite, hematite, kaolinite.. 

smectite, and in some of the wells biotite, magnetite, and heulandite, 

which have been identified in minor quantities. Fracture mineralogy work 

has been carried out by Carlos (1985), who has identified various oxide 

minerals as fracture coatings. Carlos also describes the spatial 

variability in the fracture mineralogy. Zeolite minerals have been 

identified as one of the products of diagenesis of the tuff. Computer 

modeling to identify vertical and lateral trends of zeolitized intervals 

in the tuffs at Yucca Mountain has been performed by Campbell (1987). 

Zeolite diagenesis at Yucca Mountain has been discussed by Hoover 

(1968), Broxton ec al. (1987), and Honcure et al. (1981). 

Yucca Mountain and C-well groundwater chemistry data have been 

reported by Benson and McKinley (1985) and Ogard and Kerrisk (1984-) , 

both of whom did studies on the chemical composition of groundwater at 

Yucca Mountain- Galloway (1986) reports C-well water to have z pH of 

7.7, gives a chemical composition of C-well water included in Table A, 

and reports that the temperature of the C-wells at the depth of which 

the studies will be conducted is 38°C. Thomas (1987) presents sorption 

measurements performed with Yucca Mountain tuff and water from well J-

13. For specific details of C-well investigations and descriptions of 

tests, see Springer et al. (1987). Fuentes et al. (1987), and the U.S. 

Department of Energy (1988). 
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Table 4. J-13 and C-Well Water Concentrations. 

J-13 WATER 
Element Molality Concentration 

Al 1.110E-06 30 ug/L 
B 1.200E-05 130 ug/L 
Ba 7.000E-09 1 ug/L 
ToC. Alk. 2.344E-03 143 mg/L 
Ca 2.820E-04 11.3 mg/L 
CI 1.805E-04 6.4 mg/L 
Cs 7.500E-08 10 ug/L 
Cu 1.570E-07 10 ug/1 
F 1.105E-04 2.1 rag/L 
Fe 3.580E-07 20 ug/L 
K 1.280E-04 5 mg/L 
Li 5.760E-06 40 ug/L 
Mg 7.400E-05 1.8 mg/L 
Mn 1.820E-O7 10 ug/L 
N 1.629E-04 10.1 mg/L 
Na 1.910E-03 44 mg/L 
Ni 3.400E-07 20 ug/L 
P 1.042E-06 0.10 mg/L 
Pb 2.400E-08 5 ug/L 
S 6.620E-05 18.1 mg/L 
Si 6.230E-04 30 mg/L 
Sr 4.560E-07 40 ug/L 
V 8.343E-07 9 ug/L 
Zn 3.1O0E-O7 20 ug/L 

C-Well Water 

Tot. Alk. 2.300E-03 143 mg/L 
Ca 2.800E-04 11.3 mg/L 
CI 2.000E-04 7,2 mg/L 
F 1.000E-04 2.0 mg/L 
K 5.000E-05 2.0 mg/L 
Lt 2.000E-05 108 ug/L 
Mg 1.600E-05 380 ug/L 
Ha 2.400E-03 55 mg/L 
S 2.000E-0-* 22.3 mg/L 
Si 9.000E-04 54.3 mg/L 
Sr 1.000E-06 119 ug/L 

Sources: J-13 water (CLS-1 water analyses) 
C-uell water (Calloway, 1986). 



3.2 Sorption Mechanism Determination 

Extensive work has been done on the classification of types of 

sorption, sorption mechanisras, and sorption mechanism determination. 

Applications of the double- and triple-layer models to sorption and 

mechanisms of sorption have been described by Douglas et al. (1986), 

Kent et al. (1986), Rubin (1974), Sposito (1984), Westall and Hohl 

(1980), and Sturam and Morgan (1981), among others. Douglas en al. (19B6) 

discuss approaches to simulating sorption on geologic materials, 

including detailed description of surface complexation models, 

ZPC theory and concept definitions are explained by Sposito (1981, 

1984), Sparks (1986), and Sturem and Morgan (1981), among others. The 

discussions presented explain how the ZPC concept can be used to 

determine a sorption mechanism: a specifically sorbed anion lowers the 

pH of the ZPC, and specific cation adsorption causes the pH to shift 

upward. See sections 2.1 and 2.2 for more detailed discussions. 

Potentiometric titration and electrophoresis have been used in the 

'discrimination of sorption mechanisms. Potentiometric titration theory 

and experimental techniques have been discussed by Parker et al. (1979), 

Schulthess and Sparks (1988), Sparks (1986), Sposito (1981, 1984), and 

S' mm and Morgan (1981), Discussions of determinations of ZPC by the 

potentiometric titration method include how this metnod helps in 

determining sorption mechanisras. 

Electrophoretic mobility (EM) techniques and determinations un 

montmorillonite have been presented by Delgado et al. (L986), who 

discuss the application o£ this technique to the double-layer model. 
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Williams and Williams (1978) performed work on kaolinice. Their report 

describes application of ZPC to the determination of surface electrical 

properties. Riddick (1968) discusses applications of Zeta Potential and 

EM to the study of colloidal suspensions, as well as EM sample 

preparation and measurement techniques. The operator's manual for the 

Zeta-Meter System (Zeta Meter, 1983) provides all of the information 

concerning equipment use and maintenance and sample preparation. Stumra 

and Morgan (1981) present a discussion of the relationship between 

electrophoretic mobility and zeta potential and how it applies *:o the 

double-layer model to identify adsorption mechanisms. See section 2.2.2 

on theoretical background for a discussion of Sturam and Morgan's work. 

3.3 Geocheraical Codes PHREEQE and EQ3NR 

The geochemical codes PHREEQE and EQ3NR (see section 4.1) were 

used to aid in the selection of a tracer and to evaluate the effects oC 

the tracer boron on experimental solutions and on J-13 wacer (water from 

Vucca Mountain), Use of the model and applications of the code PHREEQE 

have been described by Parkhurst et a], (1980). See Appendix A for a 

detailed discussion on the use of the model. Applications of geochemical 

codes to high-level waste repository assessment and verification and 

validation of the code PHREEQE are discussed by Plummer and Parkhurst 

(1985). See Appendix A for a discussion of model validation. Wolery 

(1983) discusses use and application of the code EQ3NR, which is a code 

for geochemical aqueous speciation. Wolery et al. (1985) discuss che 

status and application of the code EQ3/6. 



3.4 Boron and Minerals 

This section includes sources of information available on boron 

and minerals used in the thesis experiments. Four computer searches were 

performed to identify sources of information on the chemical properties 

of boron, the sorption of boron to various materials (soils and 

minerals), characteristics of hematite and clinoptilolite, and studies 

of sorption by hematite and clinoptilolite. Section 3.4.1 identifies 

sources of the physical and chemical properties of boron. Section 3.4.2 

identifies sources of boron adsorption on various materials, as well as 

sorption properties of hematite and clays. Section 3.4.3 identifies 

sources on the characteristics and properties of hematite and 

clinoptilolite. 

3.4.1 Boron 

Boron characteristics and occurrence in natural systems have been 

described by Aubert and Pinta (1977). Bear (1955) presents data on 

abundances of boron in sea water, in geological materials (e.g., 

shales), and in plants. Bear (1955), Kabata-Pendias and Pendias (1984), 

and Rai and Zachara (1984), discuss geochemical and biochemical 

properties of boron. They explain that boron toxicity can arise in arid 

areas where boronated fertilizers are used. Boron is a very important 

element in plant growth and has a very narrow concentration range 

between deficiency and toxicity. This is the reason why understanding 

boron sorption behavior in soils is so important. Discussions of boron 

and boron species distribution in the lithosphere, specifically in 
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geochemical systems, have been presented by Kabata-Pendias and Pendias 

(198M, and Rai and Zachara (1984), both studies emphasizing the 

adsorption behavior of boron. Boron is concentrated in marine sediments 

and evaporites, making this element a useful paleosalinity indicator. 

Concentration of boron has a large variation: from more than 500 ppm in 

marine sedimentary rocks to 1 to 5 ppm in basic extrusive rocks such as 

basalt, and dolerite (Aubert and Pinta, 1977), Boron forms various 

minerals, mainly hydroxides and silicates. The tourmaline group is the 

most common in soils. In solution boron forms several anions, such as 
2 3 BO2", B4O7 , BO3 , H2BO3", and BCOH)^ ; but the most common forms ot 

boron are B(0H)4~ and H3BO3. 

3.4.2 Boron Adsorption by Minerals 

Studies to investigate the sorption mechanism of boron have been 

done by Beyrouty et al. (198ft), who used the potentiometric titration 

method on synthetic aluminum hydroxides, with results indicating 

specific adsorption of boron (surface complexation). Keren and Gasc 

(1983), Keren et al. (1981), and Keren and Mezuman (1981) also report 

specific adsorption as the sorption mechanism for boron on soils, iron 

and aluminum oxides, and Na-montmorillonite, respectively. 

Boron adsorption by oxide minerals has been investigated by 

Goldberg and Glaubig (1985, 1988), who report that boron adsorbs 10% on 

hematite and 20% in soils (depending on clay content). Rhoades et al. 

(1970) reporc 100% adsorption of boron by magnesium hydroxide. Baron 

adsorption by soils and clay minerals has been studied by Keren ec al. 
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(1981), Keren and Gast (1983), Rai and Zachara (1984), and Goldberg a.id 

Glaubig (1986a. 1986b), among others. Each of these groups reports that 

boron adsorption Is pH dependent, reaching maximum adsorption for the 

materials studied at a pH between 6 and 10. Rai and Zachara (1984) 

report that boron in aqueous solution occurs as H3BO3 at pH values less 

than 9.2, and as B(0H)4," at pH values greater than 9.2. Rai and Zachara 

also report that amorphous aluminum and iron oxides and clays are • 

important adsorbers of boron. 

ZPC of various materials has been identified as follows: hematite 

and other oxides by Parks (1967), Sparks (1986), and Yoonetal. £1979); 

and various silicates and oxides by Sposito (1984), Sturara and Morgan 

(1981), and Parks (1967). Parks (1967) reported the ZPC tot hematite to 

be between pH 5.2 and 6.7, while Y0o; seal. (1979) place it at 9.04. 

Sparks (1986) argues that the ZPC obtained for a material depends on 

sample separation, treatment, and methods of determination. For 

instance, the ZPC obtained for hematite by the streaming potential 

method was reported to he pH 5.7, by electrophoretic mobility values 

from pH 6.6 to pH 6.9, and by titration from 4.5 to 5.0. The resulting 

range is from pH 2.2 to pH 6.9, with most values between 6.6 and 6.9 

(Sparks, 1986). Parks (1967) provides a compilation of ZPC values for 

silicates. Parks (1967) reports phyllosilicates as having ZPC values 

between pH 2.5 and 5.2. No literature was found reporting on boron 

sorption or the ZPC for clinoptilolite. 
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3.4.3 Hematite and Clinopcilolite 

Hematite limits of stability of pH and Eh in nature are discussed 

by Krauskopf (1979) and Garrels and Christ (1965). Figure 5 shows the 

stability fields of iron oxides as a function of pH and Eh. Hematite 

mineralogy and properties are presented in a compilation by Hurlbut and 

Klein (L977). The boron adsorption behavior of hematite has been studied 

by Goldberg and Glaubig (1985). 

Clinoptiloiite (zeolite) dtagenesis at the Nevada Test Site is 

discussed by Hoover (1968), who concluded that zeolitization of that 

site occurred in an open chemical system and that rearrangement of 

alkalis and alkaline earths resulted from this process. Moncure et al. 

(1981) proposed an alternate mechanism to the open-system model 

presented by Hoover (1968); they report that no change in chemical 

composition of zeolitic tuffs with depth is found in the drill cores 

from Pahute Mesa (located in the northwestern part of the Nevada Test 

Site). They conclude, based on this, that zeolite diagenesis occurred in 

a closed chemical system. However, Broxton et al. (1987) present data 

(based on raineralogic studies from 13 drill holes at Yucca Mountain) in 

support of the idea that diagenetic alteration at Yucca Mountain was 

controlled by lithology, nonwelded tuffs having been found highly 

susceptible to alteration by groundwater. Broxton et al. (1987) conclude 

that diagenetic mineral assemblages in Yucca Mountain tuffs are 

vertically zoned (less hydrous with depth) and present extensive data to 

show that the alteration of the volcanic glass to zeolites occurred in 
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an open system. Open systems are characterized by vertically zoned 

diage.ietic mineral assemblages. 

Sorption properties of clinoptilolite are discussed by Howery and 

Thomas (1965), Ames and Mercer (1961), Ames (1964), and Breck (1984). 

Their data show the cation exchange properties of clinoptilolite, and 

they agree that this zeolite is an excellent cation exchanger 

(adsorber). 
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4.0 MODELING AND IMPLEMENTATION OF EXPERIMENTAL TECHNIQUES 

This section is divided in two parts: pre-experiniental modeling 

and implementation of experimental techniques. Pre-experimental modeling 

was used to predict chemical speciatlon of the experimental solutions 

and to aid in the selection of tracer and electrolyte concentrations 

used in the experiments. Implementation of experimental techniques 

entailed setting up experiments to solve problems encountered during 

experimental techniques implementation. 

4.1 Pre-Experimental Modeling 

The geochemical computer models PHREEQE (Parkhurst et al., 1980) 

and EQ3NR (Wolery, 1983) were used to aid in tracer selection and 

experimental design. Computer modeling helped to scope experiments and 

to provide an idea of the behavior of a tracer in the Yucca Mountain 

natural system (J-13 water). 

PHREEQE aided in the selection of the tracer to be used in the 

experiments and later evaluated whether or not boric acid (H3BO3 or 

B(0H>3> could induce precipitation or dissolution of mineral phases or 

cause unexpected changes in the distribution of ionic species. 

Simulations with the geocheraical codes did not include sorption 

parameters. EQ3NR was used to evaluate the speciation of boron in the 

Yucca Mountain natural water system (J-13 water composition was used as 

input) and to evaluate experimental conditions at a wide range of pH 

values (see section 4.1). Prior to initiating experiments, the J-13 

water system was modeled using PHREEQE and EQ3NR. The J-13 water system 
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was analyzed because previous and possibly future sorption experiments 

were, and will be, conducted using groundwater from well J-13. 

4.1.1 Geochemical Code PHREEQE 

Only the use of the geochemical code PHREEQE will be discussed 

because these two codes are similar in principle. For more detailed 

information on the code EQ3NR, refer to Wolery (1983). 

PHREEQE is an acronym for pH-REdox-EQuilibrium-Equations. The code 

was developed for the U5GS (Parkurst et al., 1980). The version of 

PHREEQE used for the purpose of this thesis was written in Microsoft 

FORTRAN for use with an IBM compatible PC. The MINTEQ data base (Felmy 

et al., 1983) was used instead of the PHP.EEQE data base because MINTEQ 

is more extensive and more easily updated and expanded. PHREEQE was run 

on an IBM AT computer. See Appendix A for a discussion of how the code 

works. 

Input files were created by running the PHRIN program, which is a 

"user-friendly program that creates a file that PHREEQE can read. PHRIN 

asks for various parameters that are written to a specially formatted 

file (Figure 6). The file will contain all necessary input information 

for the PHREEQE code to run a simulation. 

The following are parameters for the aqueous solution used in the 

simulations: 17 ionic species were included as part of J-13 water 

composition, to which tracers were added; the temperature was set at 

38°C, which Is the temperature in the C-well borehole where the field 

test will be conducted; and pH was set at 7.0 and pe at 11.83. Figure 6 
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ZN SIMULATION 
OOOOIOOOOO 0 0 
SOLUTION 1 
J-13 WATER, 10 ppm Zn 
17 10 0 8. 0000 11.3383 38 .0000 1. 0000 
24 .19600E-02 19 .13990E-03 11 .28700E-03 21 .71000E-04 
5 .9630OE-06 30 .1070OE-O2 31 .45600E-06 8 .20000E-O7 

22 .20000E-07 L7 .78700E-O6 13 .18000E-03 29 .66000E-04 
16 .11000E-03 23 .16OO0E-O3 26 . 10000E-05 10 .23440E-02 
34 . 1S297E-03 

MINERALS 
SMITHSON 2 4 .0000 -10. 0000 -4.3600 0 .000 
34 1.000 10 1.000 

LOOK MIN 
SMITHSON 2 -10. 0000 -4.3600 0 
34 1.000 10 1.000 

Figure 6. Example of a PHRIN inpue file for use in che 
PHREEQE geocheraixal code 
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is an example of a PHRIN input file. The ions that compose the aqueous 

solutions are listed and are given an ion index number with its 

concentration. For example, 24 .19100E-02 refers to a sodium (24) 

concentration of 0.00191 mole/Kg. Following the ion index numbers are 

the minerals with which water is equilibrated; in the case of Figure 6, 

smithsonite. The mineral name appears first, then the number of species 

in the mineral dissociation reaction, then the sum of operating 

valences, the log of equilibrium constant for the reactions, and the 

saturation index for final solution. When the PHREEQE code is run, the 

output information is dumped into a designated file, (see Appendix A for 

a description of PHREEQE output.) 

Verification of a geocheraical code means that a code has been 

shown to work in the way it was designed. Validation involves 

demonstrating that the ^ode can model real systems. A code-to-code 

verification of PHREEQE and EQ3/6 was performed (Plummer and Parkurst, 

1985) using the same aqueous model and thermodynamic data for each. 

Results were nearly identical for both codes (Plummer and Parkurst, 

1985), confirming that the codes work the way they were intended. For 

more information on verification and partial validation, refer to 

Appendix A. 

4.1.2 Tracer Selection 

Several elements known to primarily chemisorb were examined as 

candidate tracers. The elements considered were Zn, Cu, V, Pb, Ni, and 

B. The PHREEQE code was used as the first step in the selection process. 
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Various concentrations of these elements were added to C-well and J-13 

water compositions in the simulations (see Table 4) to examine the 

chemical speciation in the water with addition of the tracer and to 

examine possible saturation with respect to mineral phases. Elements 

that caused significant mineral precipitation (over-saturation), for 

other than minerals saturated in the natural system, were discarded for 

use as tracers. Chemicals that formed complexes (usually elements with 

more than one oxidation state) were discarded because of potential 

problems in the analyses of their species. Complexes may sorb 

differently, and discerning between them can be very difficult. 

Figure 7 shows the concentration (mole/kg) of selected free ions 

for J-13 water with Zn, Cu, V, Pb, Ni, and B added. Free ions included 

in the figure were selected from outputs created by PHREEQE; speciation 

was calculated with the J-13 water system and with various tracers. The 

tracer concentration presented in the figure was selected to be the 

highest possible concentration that did not create supersaturation of 

"other species. Figure 8 also shows the J-15 water original free ion 

composition, and the free ion concentrations for various tracer 

additions. Notev for example, that when vanadium is added, the 

concentration of ions other than the expected vanadium ions changes; 

concentrations of Cu +, Pb , and CO3 decrease, whereas the 

concentration of H2SO3" increases. When copper (Cu) is added, its 

concentration in solution decreases, caused by precipitation of copper 

minerals (see Figure 8). Boron addition has very little effect with 
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respecc to most free ions, indie.- ing that boron does not complexate 

«iich other ions or saturate at concentrations of 100 rag/L. 

Figure 8 shows the saturation index (Log IAP/KT) of selected 

minerals for J-13 water with and without tracer additions at the same 

concentration as in Figure 7. IAP is the ion activity product, KT is the 

equilibrium constant (refer Co Sturam and Morgan, 1981, for discussion of 

solubility product and saturation). Figure 8 also shows the initial 

speciation of the natural sys :em (J-13 water) and the effects of added 

tracer on the saturation index of selected minerals. For example, 

addition of vanadium decreases the solubility of NL2SLO4, CU2OH3, 

smithsonite, and as expected, calcium vanadlte. The addition of lead 

decreases solubility of smithsonite, Ni2SiO^, and cerrusite, and 

increases the solubility of calcium vanadite. Adding Boron appears do 

have no impact in the solubility of the selected minerals. 

An important factor in selecting a tracer for C-well studies will 

be the compliance with any governmental act that impacts water quality. 

The tracer to be used in the field must be within regulations regarding 

the type of chemical used and its concentration. After consideration of 

the various conditions and regulations that the tracer had to meet to be 

selected, and with the aid of geochemical modeling, boron was chosen as 

the tracer to be further examined and characterized for its suitability 

as a groundwater tracer for C-well sorption studies. The tracer must be 

soLuble in water; be detectable in Low concentrations; sorb strongly 

enough to detect changes, but not so strongly that the time required to 

run the field studies would be excessive; meet environmental 
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regulations; show a prevalent sorption mechanism; and be easy to 

analyze. 

Various sorption studies indicate the sorptivity of boron (see 

section 3.4.2), and boron does not have limits set as do other chemical 

components whose release into the environment are controlled by federal 

regulations (see Table 1). The geocheinical model shows no major decrease 

of solubility for minerals that might be saturated or close to 

saturation in the J-13 or C-well water system when boron is present. 

4.1.3 Simulations with EQ3NR 

EQ3NR was used to examine the effects of boric acid additions on 

aqueous species distributions in the natural J-13 water and to aid in 

the selection of tracer concentrations to be used in the experiments. 

Using EQ3NR, water speciation was examined as a function of pH and boron 

concentration. 

The J-13 water species concentrations used in the simulations are 

shown in Table 4. Figures 9 and 10 show the distribution of boron 

species (for several concentrations of boron) in J-13 water as a 

function of pH. Notice the distribution of the boron species predicted 

by the model. Below pH 7, the species B(0H)^" is not present in 

solution, and the dominating species is B(0H)3. Above pH 7, the species 

B(OH)^" becomes significant, and above pH 9 starts to dominate. Boron 

sorbs more strongly as the species B(0H)4_ than as B(OH)3 (Keren et al., 

1981); rherefore, it is expected from the computer modeling results that 

the maximum pH of adsorption for the J-13 water system will be above pH 
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7. The natural pH of the water at the C-wells is pH 7.7, as reported by 

Galloway (1986). By examination of computer code results, it is 

predicted that some boron sorption will occur at the natural conditions 

in the C-vells. 

EQ3NR was also used to examine the chemistry of the experiments 

with electrolyte solutions and added acid or base. Modeling was used to 

examine the boron speciation of the experimental systems. Figures 11, 

12, and 13 show major boron species concentrations versus pH. The model 

shows that the B(0H)4~ species is not present in solution at a pH lower 

than 7. indicating chat it might be possible that boron sorption will 

not occur at low pH values unless the presence of sorptive sites 

controls any partition. 

4.2 Implementation of Experimental Techniques 

Implementation of laboratory experimental procedures to test and 

evaluate the sorption of reactive tracers and to discriminate among 

sorption mechanisms (section 1.3) is one of the objectives of this 

study. Thus, experiments were selected that involve potentiometric 

titration, electrophoresis, and adsorption measurements based on current 

literature. The analysis of literature described in section 3.0 provided 

the basis for the design of these experiments. 

Difficulties that appeared in the implementation of the 

experimental techniques were resolved by setting up experiments that 

covered a range of conditions. Experiments (potentiometric titration, 

electrophoresis, and adsorption measurements) with the mineral 
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clinopcilolite presented, no difficuities; however the mineral hematite 

presented several problems. Flocculation and dispersion affected sample 

preparation, the use of the electrophoretic mobility technique, and 

sampling for adsorption measurements. Other problems involved 

electrolyte concentration, equilibration time, and means of filtration. 

The following four sections (4.2.1, 4.2.2, 4.2.3, and 4.2.4) describe 

the steps taken to resolve problems of flocculation and dispersion, 

electrolyte concentration, equilibration time, and means of filtration 

to be used for the hematite experiments. 

4.2.1 Flocculation and Dispersion 

Flocculation and dispersion of the solid-electrolyte system was a 

problem in making EM measurements of hematite. If the sample used was 

too dispersed and the colloid- and clay-size particles could not be 

separated during sample preparation, light would not pas-.; through the 

sample, making tracking of the particles with a Zeta Meter microscope 

"nearly impossible. 

The experiment to resolve this problem consisted of setting up 

tubes that covered a range of electrolyte concentrations to investigate 

under which conditions (electrolyte concentration and pH) flocculation 

or dispersion of the system occurred. Four tubes with 2 grams of 

hematite and 20 mL of solution were set up. The NaCl solutions used were 

O.005 N, 0.01 N, and 0.05 N, along with a tube a£ distilled water. After 

adding the solutions, each tube was capped, hand shaken, and its 

contents allowed to settle. After 15 minutes, only the cube with .05 N 
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NaCl had flocculated. All the cubes were Chen centrifuged for 15 minutes 

at 2,000 rpra. The tube with distilled water was colored but transparent; 

the other tubes were transparent with some particles adhering to the 

walls of the tubes. The solids in the tubes were resuspended and placed 

in a tumbler overnight. The next day, the tubes were centrifuged. The 

supernatant of the tubes with distilled water and 0.005 N NaCl solution 

were colored and cloudy from the colloid that passed through a 0.45 

micron filter. The 0.01 N NaCl solution was colored and transparent, 

whereas the 0.05 N NaCl solution was clear. 

The effects of pH on the system were evaluated by adding one mL of 

0.05 N HC1 to each tube, and the tubes were again tumbled overnight. The 

Cubes were centrifuged the next day and the solution in all tubes was 

transparent. The effects of high pH were evaluated by adding 0.5 iL of 1 

N NaOH to a tube with 0.05 N NaCl solution and hematite. After tumbling 

and centrifugation, the suspension was observed to be colored and 

slightly cloudy. 

It was concluded from this experiment that at low pH (6 and 

lower), the heraatite-electrolyte system flocculates independent of NaCl 

concentrations. At high pH (11), the system disperses at all tested NaCl 

concentrations, which results in the presence of colloids in the 

supernatant that will pass through a 0.45 micron filter. At intermediate 

pH values (6-9), low electrolyte concentrations disperse and high 

electrolyte concentrations flocculate. This wide variety af conditions 

at which both flocculation and dispersion can occur (within the same 

eLectroLyce concentration) dictated that che criteria for selecting che 

51 



electrolyte concentration co be used in the hematite experiments be 

based on needs associated with electrophoretic mobility measurements and 

that colloid and sample preparation problems be solved by filtration 

techniques. 

4.2.2 Electrolyte Concentrations 

As previously discussed, the electrolyte concentrations used in 

the hematite experiments were dictated by requirements associated with 

electrophoretic mobility (EM) measurements. Samples containing a high 

electrolyte concentration (e.g., 0.1 N NaCl) presented thermal overturn 

problems in the cell when measuring EM (see materials and methods 

section 5.6.4). Samples containing an electrolyte concentration of 0.05 

N NaCl were found to be adequate for EM measurements. Thus, electrolyte 

concentrations of 0.05 N NaCl and 0.005 N NaCl were used in all hematite 

experiments. 

4.2.3 Equilibration Time 

Discussions of kinetics (contact time experiments) and 

experimental methods are found in the work of Sparks (1986), BenefieLd 

et al. (1982), and Scumm and Morgan (1981), all of whom used batch 

methods for the determination of equilibrium time (contact time). 

Goldberg and Glaubig (1985) report that the equilibration time (contact 

time) for hematite and boron is 20 hours. 

Based on kinetics experiments (see section 6.2) and literature 

information (Goldberg and Glaubig, 1985), it is expected that a 20-hour 
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contact time is adequate for hematite. Forty-eight hours was selected as 

the contact time for the hematite experiments. 

4.2.4 Filtration 

The appearance of colloidal matter when the pH was adjusted 

between 9 and 11 for high electrolyte concentrations, and even for some 

of the lower pH on the low electrolyte concentration samples, was " 

eliminated by ultra-filtration. The ultra-filtration system was set up 

to filter through a 0.05 micron filter under 55 psi pressure. The 0.05 

micron filter clarified the solution that contained hematite. 

An aliquot was retrieved from each tube at the end of the 

equilibration time. Fifteen mL were filtered at 0.45 microns, and 15 to 

20 mL were filtered through 0.05 micron filters, to be analyzed for the 

boron tracer and other ions. This filtration procedure was standard for 

all hematite experiments with exception of the contact time experiments. 

It was during the contact time experiments chat the problems of 

"flocculation and dispersion were noted. 
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5.0 MATERIALS AND METHODS 

This section describes the materials and methods used to evaluate 

boron sorption on clinoptilolite and hematite. 

5.1 Boron and Boric Acid 

Boron is not found in nature as a free element. It occurs as 

orthoboric acid in some spring waters and as borates in borax and • 

colemanite. Boron exists naturally as 17.78% B and 80.22% B 1 1 isotopes 

(Ueast, 1987). The most important compounds of boron are boric acid, 

used as an antiseptic, and borax, used as a cleansing flux in welcing 

and as a water softener in washing powders. Boron compounds are also 

impo;" .int in the manufacture of borosilicate glass. The isotope B u is 

used as a reaction moderator for nuclear reactors, as a shield against 

nuclear radiation, and in instruments Chat detect neutrons (West, 1988). 

Selected physical and chemical properties of boron are, listed in Table 

5. Table 6 contains thermodynamic properties of boric acid. The boric 

acid used in the experiments was purchased from Fisher Scientific 

Company as H3BO3 crystals. Analysis of the boric acid is summarize! in 

Table 7. 

5.2 Hematite Preparation 

The hematite sample was purchased from Ward's Natural Science 

Establishment Inc. (11850 East Florence Ave., P. 0. Box 2567, Sta. Fe 

Springs, CA) and was collected from the Mesabi District, Ironton, 

Minnesota. The hematite sample was received wrapped in plastic and in a 
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Table 5. Physical and Chemical Properties of Boron 

Boron: rhorabohedral structure 
Atomic Weight 10.81 
Atomic Number 5 
Melting Point 2079 C 
Boiling point sublimes 2550 C 
Heat of Vaporization 489. 70 KJ/mol 
Heat of Fusion 50.20 KJ/mol 
Specific Gravity 
of Crystals 2.34 
Specific Gravity of 
Amorphous Variety 2.37 
Valence 3 
Covalent Radious 0.82 A 
Atomic Radious 1.17 A 
Atomic Volume 4.6 cm3/raol 
Specific Heat Capacity 102 J/g K 
Electron activity 2.04 ( Pouling's) 
Thermal Conductivity 0.270 W/cm K (at 27 C) 

Thermodynamics of Formation 

G - 0 Kcal/mole at 298.15 K 
H - 0 Kcal/mole at 298.15 K 
S - 1.40 Cal/deg mol at 298.15 K 

Source: CRC hook of standards (1988) 

Table 6. Thermodynamics of Formation for Boric Acid 

Boric Acid 
K^ - 9.2 (equilibrium constant) 

H3BO3 
G - -231.6 (NBS) 
H - -261.6 (NBS) 
S - 21.2 (NBS) 

H 4B0 4" 
G - -275.7 
H - -321.2 
S - 24.5 

Source: Ueast (1987) 
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Table 7. Fisher Scientific Analysis o£ Boric Acid Used 
in Experiments 

H.3BO7, crystals F. 
Certified A.C.S. 
Certificate of actual analysis: 

I n s o l u b l e i n methanol 0.002* 
N o n - v o l a t i l e In methanol 0.03% 
C h l o r i t e (CI) 0.0003% 
Phosphate (P0^> 0.0003% 
S u l f a t e (SO4) 0.t~03% 
Arsenic (As) 0.2 ppra 
Calcium (Ca) 0.002% 
Heavy meta l s ( a s Pb) 0.0003% 
I ron (Fe) 0.0003% 



box, properly labeled. The sample consisted of one hematite piece 

weighing 3,970 grains. The specimen was examined with a hand lens and 

observed to contain quartz. 

The hematite was first cleaned by scrubbing it with a brush in a 

pan containing distilled water. After being dried, the sample was broken 

into pieces (about 5 cm ) with a rock hammer, then crushed with a 

chipmunk-jaw crusher. After the hematite sample was reduced in size to 

pieces of approximately 2 era, the material was processed through a 

Bico-type UD pulverizer with agate grinding plates. The sample was 

ground to pass through a 500-um sieve. 

After the quartz was pulverized and sieved, the quartz was 

separated from the hematite using a Frantz isodynamic magnetic separator 

(S. G. Frantz Co., Inc., E. Darrah Lane, P. O. Box 1138, Trenton, NJ). 

The side and vertical slopes of the chute of the separator were set at 

20 degrees. The magnetic field was set at 0.4 amps (after trials ranging 

from 0.1 to 0.8 amps), and the flow rate set at about 5 cc/rain. The 

sample was then passed through the chute twice to ensure proper 

separation. 

The separated hematite was placed in a bottle and shaken 

thoroughly. The sample was then conditioned for the experiments by 

equilibrating the hematite (solid) with a sodium chloride solution to 

saturate the exchange sites with a single ion. This was done to ensure 

chat minimal system chanr- would occur when the tracer was introduced 

into the system. 
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The hematite was conditioned by separating the processed hematite 

into three bottles, adding to each bottle an amount of sodium chloride 

ten times that necessary Co saturate the cation exchange capacity, and 

then adding a liter of distilled water to each bottle. The suspension 

was then shaken for a period of 24 to 72 hours, and then the water 

extracted through porcelain filters by applying a vacuum. This process 

was repeated three times. The hematite was in contact with NaCl solution 

for a total of 168 hours. The saturated hematite was washed by adding 

distilled water, and shaking, and was then filtered. The hematite was 

washed until a silver nitrate test showed no free chlorine in the system 

(five washes were performed). After being washed, the sample w as spread 

on a tray and put in an oven at 55°C to dry. After being dried, the 

sample was shaken and then placed in a labeled bottle. 

5.3 Clinoptilolite Preparation 

A clinopCilolite (zeolite) sample was purchased from Minerals 

Research (catalog No. 27054) and was collected from Fish Creek Mountain. 

The clinoptilolite was received packed in double plastic bags and 

properly labeled. The sample was in powder form (less than 200 mesh), 

weighing 4,230 grams. The material was a rich clinoptilolite sample 

(greater than 50%), with impurities not visible but present. Common 

components (other Chan zeolite) in this type of sample are clay 

minerals, quartz, feldspars, and other mineral impurities. The zeolite 

can be purified of mineral impurities through mineral separation 

(Chipera. 1988). 
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The clinoptilolite-rich sample was first pulverized using a 

shatcerbox. The shatterbox was carefully cleaned Co avoid contamination 

of the sample. The sample was run in the shatterbox for one minute in 

three pucks (mortars). Each puck contained six grams of clinoptilolite 

sample in each'run. 

After being pulverized, the sample was purified. Thirty to forty 

grams of the pulverized material were placed in a beaker, and 700 to 800 

mL of distilled, deionized water were added. The suspension was then 

ultrasonified for 6 to 7 minutes. The suspension was placed on a 

vibrationless surface and allowed to settle for 60 seconds; the 

resulting sediment was composed of the coarse fraction, which included 

quartz, feldspars, and other mineral impurities (Chipera, 1988). This 

sediment was recovered by decanting the supernatant into a second beaker 

and disposing of the sediment. The decanted supernatant was allowed to 

settle for ona hour, allowing particles 20 to 3 microns in size to drop. 

The resultant sediment was a fairly pure zeolitic fraction. The 

supernatant was decanted into a third beaker and allowed to settle for 

15 to 20 hours. The sediment obtained from the third sedimentation was 

composed of the 3.0 to 1.0 micron-size fraction, representing a 

significantly pure zeolitic fraction (Chipera, 1988). The resultant 

supernatant was rich in clays and was discarded. 

The sediments of the second and third sedimentations were placed 

on a tray and dried in an oven at 50°C. After being conditioned (section 

5.3.2), the sample was dried, broken apart by capping it with a pestle, 

then shaken and placed in a labeled bottle. 
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Clinoptilolite conditioning was done in Che same manner: as chat 

for hematite. The only deviation in procedure was that the amount of 

sodium chloride used in each wash was five times the amount necessary to 

saturate the cation-exchange capacity of the clinopcilolite, instead of 

ten times, as used in the hematite conditioning (the cation-exchange 

capacity of clinoptilolite is larger than that of the hematite). The 

amount of sodium chloride necessary to saturate ten times the cation-

exchange capacity of clinoptilolite would cause supersaturation and 

precipitation of sodium chloride. 

5.4 Minerals Characterization 

Hematite and clinoptilolite were characterized to obtain their 

qualitative and quantitative mineral and chemical compositions by x-ray 

and raicroprobe analyses. 

An aliquot of each mineral sample was x-rayed for quantitative 

mineral composition. The samples were pulverized prior to x-ray analyses 

using a Brinkman automated grinder. X-ray diffraction analyses were 

performed by the EES-1 group of Los Alamos National Laboratory (Chipera 

and 3Lsh, 1988b). X-ray analyses were done on a Siemens D-500 

diffractometer using copper-K alpha radiation. The quantitative 

technique used to calculate mineral percentage was the external standard 

method (Bish and Chipera, 1986). The results reported by EES-1 were 

obtained by running the QANTS5.01 XRD coi.puttr program. 

Analyses by Energy Dispersive Spectrometry (EDS) were performed on 

a Carceca SX-50 microprobe. ZAF corrections were done via MAGIC V (an 
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internal program to the microprobe). The Z correction is to account for 

the atomic number of the element being analyzed. The A correction is a 

correction for absorption of x-rays. The F correction is for 

fluorescence caused by secondary x-rays. 

Microprobe settings were as follows: the accelerating voltage was 

set to 15.0 keV; rhe incident angle at 90 degrees; and the x-ray 

emergence angle at 36.7 degrees. Calculations provided elemental weight 

and oxide percentages. The oxygen percentage in the minerals was 

calculated by stoichiometry (oxygen is difficult to measure with the 

roicroprobe). 

5.5 Electrolytes 

The minerals were titrated to various pH values while suspended in 

an indifferent electrolyte solution (NaCl). An indifferent electrolyte 

is a solution that exhibits nonspecific adsorption of cations and anions 

as the pH is adjusted. 

Eight electrolyte stock solutions were prepared. Four of these 

were the electrolyte alone (NaCl), and four were electrolytes with boric 

acid added to yield 20 mg/L and 10 rag/L boron concentration solutions. 

The solutions were prepared by mixing calculated amounts of sodium 

chloride (and boric acid when applicable) with distilled water. The NaCl 

electrolyte stock solutions prepared were as follows: 0.1 N and 0.1 N 

with 20 mg/L boron, 0.001 N and 0.001 N with 20 mg/L boron, 0.05 N and 

0.05 N wich 10 mg/L boron, and 0.005N and 0.005 N with 10 rag/L boron. 
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All reagents used were reagent grade and all glassware was class A. The 

distilled water used had a resistivity of 1.5 megohm-cm. 

5.6 Contact Time Experiments 

Kinetics"tests were performed to determine the contact time 

required to reach chemical equilibrium between the minerals and the 

electrolyte and boron solutions. The method used was the tube reactor 

method, which employs several centrifuge tubes (in this experiment each 

tube was sampled twice). Fifty-mL polyalloraer centrifuge tubes were used 

as reactors. Mixing was done with a Paterson-Kelly tumbler (which 

provides constant mixing). Four control tubes and two tubes for each 

sampling time were set up for each electrolyte concentration. 

Contact time experiments were conducted as follows: the solid and 

electrolyte or solid-electrolyte plus boron were added to each tube 

(with the exception of two of the control tubes, which had no solid). 

The solid-to-liquid ratio was 1:15 (2 g of solid and 30 mL of 

electrolyte per tube) for clinoptilolite, and 1:5 (8 g of solid and 40 

mL of electrolyte per Cube) for hematite. The respective amounts of 

solid were previously weighed into labeled tubes and then the 

electrolyte solution, with or without boron, was added to them. At the 

Cime of electrolyte addition, the time was recorded and mixing started. 

The contact time experiments were conducted in a temperature-controlled 

room of 38°C ± 1°C. 

Each tube was then sampled twice at times of 10 minutes, and 12, 

24, 48. 72, and 96 hours. Sampling was done by first centrifuging the 

62 



cubes for 15 minutes ac 2,000 rpra. and then filtering, using a syringe 

and a 0.45 micron nuclepore filter. The sample was then placed in a 20-

mL scintillation vial, labeled, and refrigerated ad 4°C, The samples 

were later analyzed for boron using the colorir-.etrie technique. (Refer 

to section 5.8"for a discussion of analytical techniques.) 

The boron concentration measured for each sample was plotted 

against sampling time to determine the amount of hours necessary to 

reach apparent equilibrium. Equilibrium was deemed established when 

there was no more change in the boron concentration (i.e., there is no 

more sorption taking place). The baseline was established as the initial 

boron concentration added. 

5.7 Sorption Experiments 

The objective of these experiments was to determine the effect of 

pH on adsorption on clinoptilolite and hematite and to determine the 

shift in the ZPC caused by boron adsorption. The experiments were set up 

so that all of the necessary measurements could be obtained from a set 

of samples. The measurements obtained from each reactor tube setup that 

represented an experimental condition (e.g., pH and electrolyte 

concentration) were: boron adsorption, potentiometric titration curves, 

and electrophoretic mobility measurements. Section 5.7.1 explains the 

experimental setup used to obtain the stated measurements and the steps 

taken to obtain boron adsorption values (section 5.7.2), titrations 

curves (section 5.7.3), and electrophoretic mobility measurements 

(section 5.7.4). 
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5.7.1 Setup 

A total of 20 tubes were prepared for each pH adjustment. Ten 

tubes were used for each of the two electrolyte concentrations. Two 

tubes fram each set o£ ten were used as control tubes and contained only 

electrolyte and acid or base for the pH adjustment. The remaining eight 

tubes of each set also contained the test mineral, and four of those 

tubes contained boron. See Table 8 for an example of the series of tubes 

set up. Seven pH adjustments were done for clinoptilolite, resulting in 

a total of 140 tubes. Nine pH adjustments were done for hematite 

resulting in a total of 180 tubes. 

The tubes were tared and the solid added (by weight). Next:, the 

electrolyte solution was added (30 raL to the clinoptilolite sample, and 

40 mL to the hematite sample). Then the pH was adjusted by adding a 

specific amount of acid or base; the tubes were then placed in a tumbler 

to mix. At the end of the mixing interval (22 hours for clinopcilolice, 

and 48 hours for hematite), the tubes were centrifuged. Mixing 

(equilibration) times were defined by the contact time experiment (see 

section 5.6). Four of the eight tubes containing the test mineral were 

stored at 4°C for electrophoretic mobility measurements. The other four 

were used for boron adsorption determination, and pH measurements for 

potentioraetric titration curves. 

5.7.2 Boron Adsorption 
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Table 8. Example of ClLnoptilalite Sorption Experiment: Data 
sheet. CLS-1 means samples were sent to that group for 
chemical analyses. INT means the analyses were in some 
cases done in house, and electrophoretic mobilicy 
measurements were performed on these samples. 

SampLe NaCI CUnopt Boron Amount added pH Vial Analys%s 
cone. (s> (ppa) acid or base No. performed 

Z017* a.ooi H 0 0 0 .5mL/ l H HC1 1.83 Z017AC CLS-1 

20175 0.001 N 0 0 O.SmL/1 M HC1 1.85 2Q175C C t S - 1 

SO 176 0.001 H 2 0 0 .3mL/ l H HCL 20176A 1ST 

10177 0.001 K 2 0 0 .5mL/ l H EC1 20177A IHT 

zone a.ooi H 2 a O.SnL/1 M HC1 3 . 1 1 2017BC CLS-1 

zznv a. oil H 2 a Q.SmL/l M HC1 3 . 1 3 Z0179C CLS-1 

ZOlflO o.ooi N 2 20 O.SmL/1 H HC1 Z0180A IHT 

zom 0 , 0 0 1 H 2 zo Q.5mL/l M HCL Z018LA IHT 

zoisz 0 . 0 0 1 N 2 20 0 .5mL/ l H HC1 3 . 1 3 20182C CLS-1 

zoiaa 0 . 0 0 1 H 2 20 O .SnL/1 M HCL 3 . 1 4 Z0L63C CLS-L 

ZC184 0 . 1 N 0 a 0 . 5 « L / 1 H HCl 1.79 201S4C CLS-1 

Z0185 0 . 1 N 0 0 D.SeL/1 M HCl l.BCi ZQ1BSC CLS-1 

10186 0 . 1 H 2 0 O.&nL/l M BCL Z018EA INT 

20167 0 . 1 H 2 0 Q.ScL/1 M BC1 20187A 1ST 

ZD1B8 0 . 1 H 2 0 Q.5mL/l H BCL 2 . 9 2 Z0188C CLS-1 

Z0139 0 . 1 N Z 0 O.SmL/1 M HCl 2 . 9 * ZOlflSC CLS-1 

ZQI90 0 . 1 N 2 20 O.SmL/1 M HCl Z01S0A IHT 

30191 0 . J S 2 20 D . 5 a L / l H BC1 Z0191A IHT 

20192 0 . J N 2 20 O .SaL/ l H HCl 2 . 9 S Z0192C CLS-1 
20193 0 . 1 H 2 20 0 . 5 o L / l H HCl 2 . 9 6 Z0193C CLS-1 
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The eight (four per electrolyte) cubes from each pH adjustment 

used for boron adsorption determination and pH measurements were sampled 

immediately after centrifugation for chemical analyses by CLS-1. Two of 

these four tubes also contained boron. Samples were pulled through a 

filter using a'syringe. A 0.45ura filter was used for clinoptilolite and 

a 0.05ura filter for hematite. 

Boron adsorption was determined by measuring the difference 

between the initial boron concentration and that after apparent 

equilibrium had been reached. The boron baseline was determined using 

the samples with no boron added. 

5.7.3 Potentiometric Titrations 

After sampling boron for the adsorption experiment, the pH of the 

supematants was measured on the remaining solutions. These pH 

measurements were performed, under controlled conditions, immediately 

after sampling to maintain the temperature of the sample at 38°C. The pH 

of the control tubes was also measured at that time. 

After pH measurements were obtained for a large range of values, 

amounts of consumed H or OH" (TH) were calculated and then plotted 

against resultant pH. A curve was plotted for each electrolyte strength 

with and without boron. The following equations were used to calculate 

the total concentration of hydrogen (TH) (Uesrall, 1987): 

TH = (Ca - Cb), (11) 

Ca - (ca*va)/(va*vo). (12) 

Cb = -<cb*vb)/(vb+vo), and (L3) 
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oo - (TH - (H+] + [OH-]) ( £ a) <U) 
s 

where 

Ga - Concentration of strong acid, 

Cb - Concentcation of strong base, 

ca - Concentration of acid added, 

cb - Concentration of base added, 

va « Volume of acid added, 

vb - Volume of base added, 

vo - Total cube volume , 
_2 CTO - Surface charge (Cm ), 

[1 - Concentration of solute and surface species per unit 

volume solution (mol/L), 

F - Faraday constant (96,490 Coulombs/mole), 

s - Surface area (g/m ), and 

a - Suspension density (which for clinoptilolite experiments 

was 2g/30mL or 0.6666 lOOg/L, and for hematite 8g/40mL 

or 2.0 lOOg/L). 

The total concentration of hydrogen (TH) was plotted instead of 

surface charge. The curve for TH would have the same shape as that for 

surface charge; the multiplier is a constant. The intersection of the 

curves plotted for each electrolyte will occur at the same pH value for 

plots of either TH or oo. ZPC is the point where the curves for the 

various electrolytes intersect. 
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5.7.it Electrophoretic Mobility 

EM is the rate at which a colloid will migrate under an applied 

potential in micrometers per second/volts per centimeter. EM 

measurements were done on the colloidal fraction of selected samples of 

the setup described in section 5.7.1. The Zeta-Meter System (3,0 Zeta-

Meter, Inc., 50-17 Fifth Street, Long Island City, NY) was used to 

measure the EM of 0.2 to 10 micron particles at 38°C. 

Designated samples were taken out of the refrigerator and allowed 

to stabilize at 38° C in the controlled temperature room. The S£.jples 

were then prepared using the reconscitution method. 

Reconstitution was done on the clinoptilolite samples by taking 

approximately 5 mL off the top of a centrifuged (15 minutes at 2,000 

rpm) sample. The sample tube was then mixed and allowed to settle for 

about 5 minutes. From the top 1 cm of the solution in the tube, a 0.5-

to 1-raL sample was extracted (this fraction contained particles of about 

5 to 10 microns) and then added to the initial 5 mL of sample (combining 

them in a 10-mL beaker). 

Reci nstitution for the hematite sample required an extra step 

because of the hematite's finer particle size. Cennrifugation alone did 

not clarify the solution enough for simple reconstitution. After 

centrifugation, the coloration of the solution was such that observation 

through a microscope was not possible. Therefore, a 15- to 20-rnL sample 

was ultrafiltrated. Ultrafiltration was done through 0,05 micron 

polycarbonate membranes. A manifold unit was constructed to hold four 

70-mL stirred cell-nuclepore ultrafiltration units. Nitrogen was used to 
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provide a pressure of 55 psi. The sample was filtered into a 10-mL 

beaker, and one drop of the concentrated (mixed) sample was added. 

The Zeta-Meter System was cleaned and standardized following the 

manufacturer's recommendations (Zeta Meter, 1983). The EM cell was 

filled with the reconstituted sample (approximately 5 raL) and placed in 

the temperature bith system under the microscope for measurements. The 

temperature bath was set to maintain a temperature of 38 ± 2°C. The 

temperature was checked before each sample was measured. The microscope 

was aligned for measurements, and the appropriate voltage was applied to 

the system. A total of 50 individual particles were tracked per sample 

(samples were replicated). 

After colloid tracking was completed for each sample, the Zeta-

Meter System provided printouts that included the total number of 

colloids tracked per sample, the EM of each colloid tracked, average EM, 

and standard deviation. 

The data were then plotted (EM versus pH) for each electrolyte 

concentration with and without boron. These plots were used to determine 

the pH at which EM eouals zero, the ZPC. 

5.8 Analytical Chemistry 

Chemical analyses were performed by che Chemistry and Laser 

Science (CLS-1) group at Los Alamos National Laboratory. Boron and 

cations with an atomic weight less than 80 were analysed employing the 

inductively coupled plasma-atomic emission spectroscopy technique (ICP-

AES) on a Jarrel Ash Atom Corap Series 1100. Cations with atomic weights 
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higher than 80 were analyzed by the inductively coupled plasma-mass 

spectroscopy method on a VG plasma quad. Anion analyses were done using 

a Dionex 2120 ion chromatograph with a Dionex AS-2 anion column. 

The samples from the kinetics experiments required a quick 

turnaround for" boron analyses in order to establish the contact times 

necessary for the sorption and ZPC experiments. These samples were 

analyzed by the azomethine-H colorimetric technique rather than being 

sent to CLS-1. A Baush & Lotnb Spectronic-100 (Baush & Lorab, 820 Linden 

Avenue. Rochester, NY) equipped with a raonochrometer was used to measure 

the h^BO^-azoroethine-H complex concentration, which was developed in 

borosilicate pyrex-type disposable tubes. The colored complex produced 

by the reaction of Azoroechine-H and H3BO3 has maximum light absorption 

at 420 nm. A blank was run to correct for background (Bingham, 1982). 

5.9 Quality Assurance 

All experiments, and data manipulation were performed under the 

YMP Quality Assurance (QA) Program. However, the software used for 

computer modeling and data reduction was not verified, validated, or 

otherwise subjected to the controls of a YMP Office-approved quality 

program. Care was taken to document activities and steps performed 

during experiments. Samples were controlled by documentation through 

each step from sample origination, through transfer for analyses, to 

data reduction. The QA program's objective is to produce legally 

defensible data and products that can be used by the Nuclear Regulatory 
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Experimental development r calibrations, sample preparations, 

experimental methods, data generation, and documentation of activities 

were performed following YMP QA guidelines. Laboratory activities are 

documented in LANL YMP scientic notebooks TWS-HSE12-10/87-10 and TUS-

HSE12-1/88-11. Detailed technical procedures were followed for specific 

experiments and laboratory activities. Activities not covered by written 

YMP QA procedures were documented following the quality assurance -

program plan guidelines. All procedures used were peer reviewed and are 

included in the LANL YMP QA manual. 
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6.0 RESULTS 

This chapter presents and discusses the results obtained from the 

boron adsorption and ZPC experiments, including characterization of the 

materials used in the experiments. 

6.L Minerals Characterization 

The results of the physical and chemical characterization of the 

minerals used in the experiments follow. Results were used to make 

calculations used in sorption data evaluation, as well as to establish 

the properties and quality of the materials employed. 

Mineralogical characterization was done by x-ray diffraction. The 

hematite sample was 85 ± 8% hematite, with 14 ± 2t chlorite and 1% 

quartz (see Figure 14 for x-ray pattern). X-ray diffraction for the 

clinoptilolite shows the sample to be greater than 95% pure 

clinoptilolite with trace amounts of clay minerals, feldspar, and quartz 

(see Figure 15 for x-ray pattern). 

Elemental and oxide (formula) compositions of the minerals were 

obtained by electron microprobe analyses and are summarized in Table 9. 

Other measured physical properties of the minerals include surface 

area (by the B.E.T. method), and average density. The hematite surface 

area was 2.1947 ra /g; the average density was 4.90 g/cc. The 

cl'.noptilolite surface area was 17.998 ra /g; the average density was 

2.216 g/cc. 

X-ray diffraction analyses of the hematite show a large amount of 

chLorite in the sample (14%), This impurity can cause problems in 

adsorption experiments because chlorite (a clay mineral) can be more 

sorptive than hematite at certain pH values; therefore, it is important 
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Figure L4 . X-ray d i £ £ c a c t i o n p a t t e r n of hemat i t e used in 
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Table 9. Electron Microprobe Analyses of Hematice and 
Clinopcilolite Samples 

Weight Oxide Oxide 
Elei -ic Line <*> Formula (%) 

0 a 29.76 
Na Ka 0.24 N a 2 0 0.30 
Hg Ka 1.93 HgO 3.00 
AX Ka 4.70 AI2O3 8.22 
SL Ka 7.12 Si02 14.1 
Fe Ka 56.26 F e 2 0 3 74.43 

TOTAL 100.00 100.1 

CLINOPTILOLITE 

Weight Oxide Oxide 
ElemenC Line W Forraul .a (%) 

0 a 50.2S 
Na Ka 2.05 N a 2 0 2.76 
Al Ka 6.7B AI2O3 12.81 
Si Ka 37.51 Si0 2 80.25 
K Ka 2.82 K 20 3.40 
Ca Ka 0.56 CaO Q. 79 

TOTAL 100.00 100.00 

a. Determined by scoichiometry 



co keep this possible problem in mind when interpreting the results from 

the adsorption experiments, Chlorite can also interfere with 

determination of ZPC. Silicate minerals have a low ZPC (see section 

3.4.2)-usually below pH 4. Oxides have high pH of ZPC values-usually 

between pH 5 and 12. It can be anticipated that the chlorite will 

effectively lower the ZPC of the hematite. It is possible that the ZPC 

will be measured in the lower range of that reported in the literature 

(section 3.4.2)-between pH 5 and 9. 

ClinopCilolite was found to be a relatively pure mineral; thus, 

there should not be any significant problems (related to mineral 

impurities) with the interpretation of results obtained from the 

experiments. Further, the ZPC obtained for clinoptilolite will not be 

influenced by impurities but will be representative of this mineral. The 

ZPC for clinoptilolite was not found in any of the literature searches 

conducted. 

6-2 Contact Time Experiments 

The purpose of contact time experiments was to determine a minimum 

equilibration time for boron with the minerals hematite and 

clinoptilolite. Changes of boron concentration with time were plotted 

for each mineral at the two electrolyte concentrations. 

Clinoptilolite reaches an apparent equilibrium within two hours 

and shows a low percentage of boron sorbed at a 1:20 solid to liquid 

ratio. (See Table 10 for data and Figure 16 for plots.) The sigzagging 

pattern of the plot is cause by the fact that each tube was sampled 

twice; after sampling the first time, the system re-equilibrated to the 

new solid liquid ratio conditions, and boron was released into solution 
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Table 10. Clinoptilolite Contact Time Experiment Data 

0.001 » NaCl Electrolyte 

Sample Boron Sample Boron Time 
1 Cmg/L) 2 Cmg/L) (hr) 

Z0040A 18.85 Z0043A 18.65 0.16 
Z0040B 21.1 Z0043B 20.85 12 
Z0041A 19.4 Z0044A 19.95 24 
Z0041B 20.75 Z0044B 20.85 48 
Z0042A 20.5 Z0046A 21.35 72 
Z0042B 21.3 Z0046B 20.6 96 

Co - 21.300 (rag/L) 

0.1 N NaCl Electrolyte 

Sample Boron Sample Boron Time 
1 (mg/L) 2 <rag/L) (he) 

Z0030A 22.5 Z0033A 21.9 0.16 
Z0030B 22.65 Z0033B 21.95 12 
Z0031A 21.95 Z0034A 21.7 24 
Z0031B 22.65 Z0034B 22.8 48 
Z0032A 23.3 Z0035A 22.6 72 
Z0032B 22.5 Z0035B 23.2 96 

Co - 22.700 (rag/L) 

Co - Initial boron concentration (mg/L) 



a. 

Initial 
concemrolion 

40 50 60 
Time (hr) 

O Replicate \ 
A Replfcate 2 

initio! 
concentration 

40 50 60 
Kme fhr) 

F igure 16. Boron a d s o r p t i o n on c l i n o p c i l a U c c , concac : nijre 
exper iment : (a ) O.001 N NaCl <sleecroLyce and 
(b) 0 .1 N HaCl o l o c t r o l v t e 
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(desorbed). After studying the results of this experiment a decision was 

made to change the solid-to-liquid ratio to 1:15 (a greater ratio) for 

the adsorption and ZPC experiments. A larger ratio was expected to sorb 

proportionally more boron than a smaller suspension density. Even though 

equilibrium was reached in the first two hours for the clinoptilolite, 

it was decided that for the sorption and ZPC experiments the tubes were 

going to equilibrate for 22 hours. 

Experiments with hematite resulted in analytical difficulties when 

measuring boron with the colorimetric technique. The supernatant of the 

hematite samples was colored (red) after centrifugation, causing an 

interference with coloriraetric readings. Colloidal material in 

suspension causes a coloration, which is the interference. Data obtained 

from contact time experiments are shown in Table 11 and plotted in 

Figure 17- These data indicate that a large amount (about 40%) of boron 

was sorbed, but the actual amount of boron present in. the solutions is 

greater than that measured by the colorimetric technique. Despite the 

interference, the system appears to reach equilibrium in the first six 

hours. Based on suggestions by Goldberg (1985), 20 hours is a sufficient 

equilibration time for hematite. However, the equilibration time was set 

at 48 hours to account for possible problems. A decision was made in 

view of colorimetric results obtained and problems encountered in this 

experiment, that all hematite samples would be subjected to 

ultrafiltration before chemical analysis. 

6.3 Potenciometric Titrations 

The purpose of potentioraetrie titration techniques is co acquire 

information to be used in determining the sorption mechanism of the 
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Table 11. Hematite Contact Time Experiment Data 

0. 001 NaCl Eleccroly 
B 

2b 

re 

Sample Time (« 
Eleccroly 

B 
2b 

Average B 
<hr> l a 

Eleccroly 
B 

2b (">g/U 
202 21A 0.18 20.653 20.277 20.465 
Z0221B 12 14.981 15.431 15.206 
Z0222A 24 16.017 15.897 15.957 
Z0222B 48 13.318 13.214 13.266 
Z0223A 72 12.225 9.957 11.091 
Z0223B 98 11.042 10.777 10.909 

Z0224A 0.16 19.711 20.105 19.908 
Z0224B 12 15.885 14.874 15.505 
Z0225A 24 15.065 14.497 14.781 
Z0225B 48 12.968 10.559 11.7635 
Z0226A 72 12.417 12.200 12.3085 
Z0226B 98 11.124 11.07B 11.101 

Z0229A Co* 21.949 21.739 . . 
Z0230A Co 21.297 21.058 21.511 

0 .1 NaCl Electrolyte 
B 

(mg/U ,_ Sample Time 

.1 NaCl Electrolyte 
B 

(mg/U ,_ Average B 
(hr) l a 2° (mg/L) 

Z0231A 0.26 22.289 22.193 22.241 
Z0231B 12 21.892 22.448 22.170 
Z0232A 24 22.371 22.275 22.322 
Z0232B 48 22.119 22.502 22.310 
Z0233A 72 22.624 22.785 22.704 
Z0233B 98 22.074 18.929 20.501 

Z0234A 0.26 22.597 22.84 22.718 
Z0234B 12 22.679 23.032 22.855 
Z0235A 24 22.267 22.649 22.458 
Z0235B 48 22.459 22.43 22.444 
Z0236A 72 22.157 18.956 20.556 
Z0236B 98 21.909 18.874 20.391 

Z0239A Co 26.114 26.071 24.543 
Z0240A Co 22.998 22.992 22.995 

* Co - Initial boron concentration (mg/L) 
a - Duplicate one 
b - Duplicate two 
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Figu.ce 17. Boron adsorption on hematite, contact time 
experiment; (a) 0.001 M NaCl electrolyte, and 
(b) 0.1 W UaCl electrolyte. 
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tracer in question. If the interaction between the surface .ind the 

tracer is pH dependent, the sorption mechanism is said to be of chemical 

nature (as apposed to physical interactions such as electrostatic 

sorption). 

6.3.1 Potentioraetric Titration of Clinoptilolite 

Table 12 contains the titration information for the electrolytes 

with solid and the electrolytes with solid and tracer. These two curves 

were plotted, and T^ (see equation 11) was calculated graphically from 

the difference between them. Table 13 contains the resulting Ty (total 

concentration of H +) values, which were plotted against pH to obtain the 

titration curves (Figure 18). 

The pLots of mean surface charge versus pH, at two different 

concentrations of electrolyte solution, show an intersection of the 

curves at pH 3, indicating that clinoptilolite has a ZPC of pH 3. This 

finding is supported by the EM data on clinoptilolite presented in 

section 6.4.1. The curves for samples with boron and without boron are 

basically the same. They show no shift of the ZPC caused by the presence 

of boron. This was expected because boron speciation should have not 

given sorbabLe species at this low pH as predicted by the geochemical 

simulations (see computer model speciation, section 4.1.4, and 

adsorption data, section 6.5.1). 

6.3.2 Potentioroetric Titration of Hematite 

Figure 19 shows potentiometrie titration curves for hematite. 

Table 14 contains titration information and Table 15 contains Tfj values 

that were plotted against pH. The total concentration oil H + (T^) was 
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Table 12. Clinoptilolite Titration Raw Data 

O.0O1 N NaCl Electrolyte 

Electrolyte Electrolyte 
plus Clinoptiloltte 

TJI Elank Hematite plus boron 

-0.003125 10.90 10.36 9.84 
-0.003125 10.90 10.29 9.83 
-0.00082 10.50 9.90 8.88 
-0.00082 10.42 9.80 8.81 
-0.0000164 6.20 9.40 8.57 
-0.0000164 6.01 9.33 8.51 
0.00082 3.10 7.50 7.49 
0.00082 3.09 7.49 7.64 
0.003125 2.58 6.28 6.23 
0.003125 2.58 6.26 6.22 
0.0164 1.85 3.13 3.14 
0.0164 1.85 3.11 3.13 
0.0322 1.69 2.48 2.52 
0.0322 1.69 2.47 2.49 

0.1 N NaCl Electrolyte 

-0.003125 11.13 9.46 
-0.003125 11.12 9.37 
-0.00082 10.60 8.97 
-0.00082 10.60 8.90 
-0.0000164 5.78 8.00 
-0.0000164 5.50 7.90 
0.00082 3.11 6.40 
0.00082 3.11 6.40 
0.003125 2.53 4.93 
0.003125 2.53 4.90 
0.0164 1.80 2.94 
0.0164 1.79 2.92 
0.0322 1.58 2.31 
0.0322 1.54 2.28 

9.34 
9.33 
8.42 
8.41 
7.70 

60 
35 
34 
84 
83 
96 
95 
33 
33 



Table 13. Calculated Potentiometric T i t r a t i o n Data for 
C l l n o p t i l o l i t e Curves 

0.001 N NaCl E lec t ro ly t e 

pH T pH T 
Boron 

0.0039 9 . 5 0.002 
o.ooosa 9 . 0 0.0084 
0.000016 8 . 5 0.00033 
0.00001 8 . 0 -0.00002 

•0.0008 7 . 5 -0.0008 
-0.0013 7 . 0 -0.001 
•0.0025 6 . 5 -0.0021 
•0.0034 6 . 0 -0.0032 
•0.0044 5 . 5 -0.0047 
•0.006 5 . 0 -0.0063 
•0.0075 4 . 5 -0.008 
0.0102 4 . 0 -0.0105 
0.0157 3 . 5 -0.013 
0.020 3 . 0 -0.016 
0.027 2 . 5 -0.022 

2 . 0 -0.029 

0.1 N HaCl E lec t ro ly te 

9 . 5 0.003 9 . 5 0.004 
9 . 0 0.0008 9 . 0 0.00192 
8 . 0 1.64E-5 8 . 5 0.0008364 
7 . 0 -0.001 8 . 0 0.0005 
6 . 5 -0.0008 7 . 5 3.28E-5 
6 . 0 -0.0015 7 . 0 -0.00028 
5 . 5 -0.0025 6 . 5 -0.0008 
5 . 0 -0.003125 6 . 0 -0.001 
4 . 0 -0.0065 5 . 5 -0.0016 
3 . 0 -0.01568 4 . 5 -0.0042 
2 . 5 -0.025 4 . 0 -0.0072 
2 . 0 -0.030 3 . 5 -0.0104 

3 . 0 -0.0152 
2 . 5 -0.0250 
2 . 0 -0.033 

10.25 
1O.0 
9.5 
9.0 
8.0 
7.0 
6.5 
6.0 
5.5 
5.0 
4.5 
4.0 
3.0 
2.5 
2.0 
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Table 14. Hematite Titration Raw Data 

0.005 N NaCl Electrolyte 

Electrolyte Electrolyte 
plus hematite plus 

T H Blank hematite boron 

-0.01234 11.88 11.62 11.59 
-0.01234 11.86 11.62 11.53 
-0.O023S 11.02 10.4 10.01 
-0.00238 11.02 10.4 9.99 
-0.00121 10.8 9.83 9.32 
-0.00121 10.79 9.81 9.29 
-4.9504E-4 10.07 9.12 8.72 
-4.9504E-4 9.98 9.10 8.70 
0.00 7.60 8.52 8.41 
0.00 7.40 8.50 8.41 
6.1728E-4 3.24 7.30 7.49 
6.1728E-4 3.22 7.28 7.47 
1.2195E-3 2.98 7 . 3 7.20 
1.2195E-3 2.98 7.27 7.18 
2.3809E-3 2.66 6.28 6.23 
2.3809E-3 2.64 6.27 6.22 
0.012345 2.10 3.68 3.62 
0.012345 2.09 3.60 3.62 

0.05 8 NaCl Electrolyte 

-0.01234 11.81 11.64 
-0.01234 11.80 11.64 
-0.00238 11.06 10.20 
-0.00238 11.04 10.18 
-0.00121 10.62 9.29 
-0.00121 10.81 9.24 
-4.9504E-4 0.09 8.58 
-4.9504E-4 10.08 8.41 
0.00 6.90 7.78 
0.00 6.50 7.50 
6.1728E-4 3.24 7.19 
6.172BE-4 3.24 7.19 
1.2195E-3 2.97 7.20 
1.2195E-3 2.97 7.19 
2.3809E-3 2.65 6.12 
2.3809E-3 2.64 6.12 
0.012345 2.01 3.77 
0.012345 2.00 3.71 
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11 . 6 1 
11 . 6 1 

9 . 7 2 
9 . 7 2 
9 . 00 
8 .99 
8 . 46 
8 . 4 1 
8 . 00 
7 .98 
7. . 5 1 
7. . 51 
7 .10 
7. 08 
6. .17 
6. .10 
3 . .76 
3 . 76 



Table 15. Calculated PoCentiometrie Titration Data for 
Hematite Curves 

0.005 N NaCl Electrolyte 
pH T pH T 

Boron 

11.5 0.00434 
11.0 0.0044 
10.5 0 0035 
10.0 0.002 
9.0 0.0011 
8.5 0.0004 
7.5 -6.1728E-4 
6.5 -0.0015 
6.0 -0.0020 
5.0 -0.0034 
4.0 -0.00718 
3.0 -0.014 

11.5 0.0043456 
11.0 0.0030 
10.5 0.0022 
10.0 0.00101 
9.0 0.00001 
8.5 0.000 
7.5 -8.00E-4 
6.5 -0.0018 
6.0 -0.0025 
5.0 -0.0040 
4.0 -0.00818 
3.0 -0.014785 

0.1 N NaCl Electrolyte 

U.5 0.0053 11.5 0.0033 
11.0 0.0047 11.0 0.00562 
10.5 0.003 10.5 0.0041 
10.0 0.00201 10.0 0.0030 
9.00 0.00121 9.0 0.0010 
8.5 0.0005 8.5 0.0006 
7.5 •0.0005 7.5 -0.0007 
6.5 -0.0018 6.5 -0.00195 
6.0 -0.0028 6.0 -0.0024 
5.0 -O.0045 5.0 -0.0039 
4.0 -0.00888 4.0 -0.0083 
3.0 -0.018 3.0 -0.018 



calculated in the same manner as for clinoptilolite (section 6.3.1). 

Figure 19 (a) shows titration curves for hematite at two concentrations 

of electrolyte (0.05 and 0.005 N NaCl). The plot shows an intersection 

of the curves at pH 6.5, indicating that hematite has a ZPC of pH 6.5. 

This result supports EM data presented in section 6.4.2. 

Figure 19 (b) shows titration results for hematite at one 

electrolyte concentration with and without boron added. The results 

indicate that the boron addition lowers the pH of ZPC of hematite. The 

surface charge o£ hematite becomes more negative with the addition of 

boron. This shift in the ZPC indicates that boron was specifically 

adsorbed (cheaisorbed) to the hematite surface. These results are 

supported by EH measurements obtained on the colloidal fraction of the 

suspension (section 6.4.2). 

6.4 Electrophoretic Measurements 

The purpose of EM measurements is to aid in the determination of a 

sorption mechanism. EM was performed on the colloidal fraction of both 

hematite and clinoptilolite samples. (For sample preparation refer to 

section 5.7.4.) 

6.4.1 Mobility of Clinoptilolite 

Figure 20 shows the mobility of clinoptilolite over a range of pH 

values (Table 16). One curve represents samples with boron, and the 

other represents samples without boron. It is observed that EM becomes 

less negative with decreasing pH. This is because of the increase of H + 

ions on the surface of the material, which makes the overall charge more 

positive. EM zero was reached at about pH 3 for the sample without boron 
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Table 16. C l inopc i lo l i t e Eli 
Measurements for 
Electrolyce 

No boron added 

Sample EM pH 

Z0108 -2.686 10.34 
Z0109 -2.68 10.36 
Z0098 -3.291 9.91 
Z0099 -3.391 9.81 
Z0078 -3.107 9.4 
Z0128 -2.719 7.5 
Z0129 -2.638 7.5 
Z0196 -2.885 6.27 
Z019? -2.91a 6.27 
Z0176 -0.395 3.1 
Z0177 -0.465 3.1 
Z0148 0.545 2.5 
Z0149 0.594 2.5 

sctrophoretic Mobility 
Samples with 0.001 N N a d 

20 mg/L boron, addtd 

Sample EH pH 

Z0112 -2.698 9.90 
Z0113 -2.685 9.83 
Z0102 -3.33 8.88 
Z0103 -3.672 8.9 
Z0082 -3.403 8.6 
Z0083 -3.279 8.6 
Z0132 -3.329 7.44 
20133 -3.166 7.5 
Z0200 -2.659 6.22 
20201 -3.152 6.22 
Z0180 -0.863 3.1 
Z0181 -0.823 3.1 
20152 0.341 2.5 
Z0153 0.512 2.5 
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and pH 2,6 for the sample with boron. Visual examination of the plot 

(Figure 20) indicates chat there might be a shift in the ZPC due to 

boron. To determine whether this shift was indeed present, T tests 

(statistical test to evaluate the equality of two means) were performed 

on EM measurement results obtained at pH 3.1 and 2.5. The T test were 

performed to obtain a 99.5 level of significance. The populations 

compared in the T tests were samples with boron versus samples without 

boron. The resulting T value for samples at pH 3.1 was 16, indicating 

that these populations are significantly different at the 99.5% level of 

significance. The populations in this case consisted of 50 observations 

each. The probability that these populations are equal is 5E-18. The 

resulting T value for samples at pH 2.5 was 1.5, indicating that these 

populations (30 observations each) are not significantly different at 

the 99.5% level of significance. There is a 139 probability that they 

are similar. The T tests suggest that the shift in ZPC does indeed 

occur; at the pH of ZPC, the two populations (with and without boron) 

are significantly different. The shift on the curve cue to the presen.e 

of boron indicates that the sorption mechanism for boron is of a 

chemical nature, possibly of coraplexation. In surface complexation, the 

added anion decreases the pH of the ZPC (Stumm and Morgan, 1981). 

However, this is not a definitive conclusion. The author believes that 

even though the statistical tests seem to indicate that there is a shift 

in the ZPC with the presence of boron, one of the sets of populations 

was not significantly different. Samples close to zero EM would need to 

be measured to make a definite conclusion based on statistics; the 

supporting experiments are the means to make a conclusion. 
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O No boron 
I i • Boron addM 

Figure 20. Clinoptilolite electrophoretic mobility 
measurements 0.001 N NaCl eleccrolyce. 
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Examination of the adsorption data for boron in clinoptilolite 

(see section 6.5.1) clearly indicates that not enough boron is sorbed on 

the surface at the pH of ZPC to cause a shift on the curve; and even 

though potentioraetrie titration results support the conclusion that ZPC 

for clinoptilolite is reached at pH 3, they also indicate that there is 

no shift in the ZPC with boron addition (section 6.3.1), 

6.4.2 Mobility of Hematite 

Figures 21 and 22 and Tables 17 and 18, respectively, show the 

mobility of hematite for a range of pH values from 3 to 11.5 for two 

electrolyte solution concentrations. One curve represents sanples with 

boron and the other without boron. Again, as in the case of the 

clinoptilolite, EM becomes less negative with decreasing pH because jf 

the increase of H* ions on the surface of the material, which makes the 

overall charge more positive. 

EM of zero is reached at pH 6.1 for the 0.005 M NaOl electrolyte 

without boron and at pH 5.9 for samples with boron. Zero EM is reached 

at about pH 6.4 for the 0.05 N NaCl electrolyte without boron and about 

pH 6.1 for samples with boron. As with the clinoptilolite measurements, 

T tests were performed at the 99.0 significance level to determine the 

equality of the populations mean (each population consisting of 50 

observations). The tests were done on EH measurement results obtained at 

pH 3.6 and 7.2 for the 0.005 N NaCl electrolyte and pH 3.7 and 7.1 for 

the 0.05 t NaCl electrolyte. The populations compared in the T test were 

samples wich boron versus samples without boron. Tne resulting T value 

for sanples at pH 3.6 was 3.2, and at pH 7.2 was 2.4, indicating chat 

these populations are significantly different. The probability (P) that 
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Figure 2L. Electrophoretic mobility of heraacice in 0.05 N 
NaCl electrolyte with and without boron jdded, as 
a function of pH. 
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-f i i 0.005 N NoCl efec'.roJvtt-
2 • '*>• *. 0.005 N Mod e l e w a v t * + toron 

Figure 22. Electrrophoretic raobil-.cy of henat ice in 0.005 N* 
NaCl e l e c t r o l y t e with and without boron added, as 
a function of pH. 
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Table 17. Hematite Electrophoresis Mobility Measurements £or 
Samples with 0,05 K NaCl E lec t ro ly te 

Sample ID pH EH STD DEV 

20445 3.77 3.349 0.447 
Z0444 3.71 3.404 0.443 
Z0429 6.12 -0.104 0.306 
Z0428 6.12 -0.105 0.279 
Z0409 7.20 -1.028 0.151 
Z040S 7.19 -1.020 0.120 
Z0385 7.18 -1.021 0.145 
Z0384 7.19 -1.076 0.193 
Z0367 7.78 -1.626 0.238 
Z0366 7.50 -1.611 0.196 
Z0347 8.58 -1.677 0.184 
Z0346 8.41 -1.678 0.192 
Z0323 9.29 -1.964 0.214 
Z0322 9.24 -1.965 0.205 
Z0303 10.2 -2.173 0.267 
Z0302 10.18 -2.173 0.330 
Z0283 11.64 -2.833 0.431 
Z0282 11.64 -2.836 0.439 

10 rog/L Boron Added 

Sample ID pH EH STD DEV 

Z0449 3.78 2.558 0.245 
Z0448 3.76 2.698 0.316 
Z0425 6.1 -0 .009 0,349 
Z0424 6.17 -0.48 0.116 
Z0405 7.1 -1.004 0.122 
Z0404 7.08 -0.998 0.127 
Z0389 7.51 -1.041 0.174 
Z0388 7.5 -1.062 0.137 
Z0363 8.0 -1.294 0.174 
Z0362 7.98 -1.269 0.168 
Z0343 8.46 -1.449 0.183 
Z0342 8.41 -1.415 0.201 
Z0327 9.0 -1.973 0.247 
Z0326 8.99 -1.987 0.255 
Z0307 9.72 -2.169 0.207 
Z0306 9.72 -2.17 0.300 
Z0287 11.61 -2.58 0.275 
Z0286 11.61 -2.517 0.320 



Table 18. Hematite Elect rcphoret ic Mobility Measurements for 
Samples with 0.005 N NaCl Elec t ro ly te 

Sample ID pH EM STD DEV 

Z0435 3.68 2.272 0.257 
Z0434 3.6 2.284 0.199 
Z0415 6.27 -0.131 0.429 
Z0414 6.28 -0.334 0.417 
Z0397 7.29 -1.16 0.174 
Z0396 7.3 -1.191 0.168 
Z0375 7.3 -1.287 0.285 
Z0374 7.28 -1.215 0.201 
Z0357 8.5 -2.298 0.249 
Z0356 8.52 -2.336 0.249 
Z0337 9.12 -2.669 0.265 
Z0336 9.1 -2.655 0.291 
Z0313 9.83 -2.831 0.330 
Z0312 9.81 -2.824 0.304 
Z0293 10.4 -3.353 0.359 
ZD292 10.4 -3.277 0.388 
Z0273 11.62 -3.435 0.349 
Z0272 11.62 -3.467 0.392 

10 mg/L Boron Added 

Sample ID pH EH STD DEV 

Z0439 3.62 2.113 0.294 
Z0438 3.62 2.129 0.235 
Z0419 6.23 0.063 0.347 
Z0418 6.22 0.071 D.392 
Z0395 7.2 -1.096 0.143 
Z0394 7.18 -1.103 0.188 
Z0379 7.47 -1.103 0.137 
Z0378 7.49 -1.109 0.570 
Z0353 8.41 -2.322 0.283 
Z0352 8.41 -2.401 0.281 
Z0333 8.7 -2.607. 0.324 
Z0332 8.72 -2.599 0.285 . 
Z0317 9.29 -2.736 0.318 
Z0316 9.32 -2.761 0.253 
Z0297 9.99 -3.331 0.271 
Z0296 10.01 -3.373 0.384 
Z0277 11.58 -3.498 0.425 
Z0276 11.59 -3.437 0.353 
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these populations are equal is P-0.0027, and P-0.015, respectively. The 

resulting T value for samples at pH 3.7 was 9 and at pH 7.1 was 8 (the 

probability they are equal is P - 7E-15, and P - 5E-13, respectively), 

indicating that these populations are also significantly different at 

the 99.5% level of significance. The T tests indicate that there is a 

shift in ZPC. The shift of the curve, where the pH of ZPC oE the sample 

with boron added (and adsorbed at the hematite surface) is lower, 

indicates that boron is sorbed by cheraisorption mechanism. Specific 

adsorption of an anion makes the surface to which it is adsorbing more 

negatively charged (Beyrouty et al., 1984). This result is supported by 

the potentiometrie titration data, which also indicates a shift in the 

ZPC (section 6.3.2). A shift in the ZPC for hematite is also supported 

by adsorption data. The adsorption data (see section 6.5.2) indicate 

that, at pH 6 a concentration of 0.25 mmoles/kg of the initial boron 

concentration added is adsorbed to the hematite. 

As discussed in the literature review chapter (section 3.4.3), the 

ZPC reported for hematite ranges from pH 6 to pH 9, depending on the 

type of hematite (synthetic or natural) and sample preparation. The ZPC 

for hematite found by this investigation is at the low end of the range 

reported in the literature. The r<ason for this could be the presence of 

chlorite (14%) in the hematite. Because silicate minerals such as 

chlorite have a low ZPC (less than 4 ) , the measured ZPC for the hematite 

could have been lowered by the presence of chlorite. 

6.5 Adsorption Experiments 

The purpose of adsorption experiments was to determine the extent 

of boron adsorption as a function of pH for clinoptilolite and hematite 
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minerals. Adsorption experiments were performed for both minerals at a 

range of pH from 3 to 10. The percentage of boron sorted was plotted 

against pH. 

6.5.1 Adsorption on clinoptilolite 

Table 19 presents the results of boron adsorption. The percentage 

of boron adsorbed was calculated from the average initial concentration 

in solution plotted against sample pH (for initial boron concentrations 

(Co) in solution see Table 19). Two plots were created (Figure 33, a and 

b) : one for each electrolyte concentration. Least-squares fits were 

calculated using a fourth-degree polynomial and the computet software 

SigrcaPlot. The samples in 0.1 N NaCl electrolyte solution show no 

sorption up to pH 6, At pH values greater than 6, the boron sorption 

increases to 10%, exhibiting a maximum of 12% at pH 8. Finally, 

adsorption decreases at high pH and to about 7% at pH 9 (Figure 23). 

This result agrees with the maximum pH of adsorption for boron on clay 

minerals (suspended on NaCl solutions with 5.0 g B m ) reported by 

Goldberg and Glaubig (1986). The samples that had 0.001 N NaCl showed no 

sorption below pH 6. At pH 6, the percentage of boron sorbed increases 

reaching a peak at a maximum of 6% at a pH of about 6.2 and slowly 

decreases to zero adsorption at pH greater than 10. The difference in 

boron sorption percentages and in pH of maximum adsorpti' *i measured in 

the clinoptilolite-electrolyte suspensions could be the result of 

analytical interferences attributable to the high sodium concentrations 

in the 0.1 N NaCl samples or to chemical redistribution of ions in the 

layers. Experimental results agreed with the expected low or zero boron 

sorption below a pH of 5. Boron was not expected to sorb below this pH 
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Table 19, Data for Boron Adsorption on Clinoptilolite 

0.1 K NaCl Electrolyte 

B Percentage 
Sample pH (rug/1.) Adsorbed 

Z0070C 7.70 20.10 6.75 
Z0071C 7.69 19.77 8.3 
Z0094C 8.45 19.56 9.27 
Z0095C 8.42 18.85 12.56 
20124C 9.34 20.13 6.63 
Z0125C 9.35 19.46 9.74 
Z0144C 6.48 19.70 8.62 
Z0145C G.41 19.44 9.83 
Z0164C 2.33 19.99 7.28 
Z0165C 2.33 19.86 7.88 
Z0192C 2.95 22.93 0.0 
Z0193C 2.96 22.94 0.0 
Z0212C 4.83 21.81 0.0 
Z0213C 4.84 21.46 0.0 

Co - 21-56 mg/L STD - 1.64 STt - .95 

0.001 N NaCl electrolyte 

B Percentage 
Sample pH <tng/L) Adsorbed 

Z0084O 8.51 19.46 0.0 
Z0085C 8.51 18.87 1.87 
Z0104C 8.88 20.36 0.0 
Z0105C 8.81 20.6 0.0 
Z0115 9.84 19.21 0.1 
Z0114C 9.84 19.05 0.94 
Z0134C 7.49 19.59 0.0 
Z0135C 7.5 18.9 1.72 
Z0154C 2.49 18.6 3.28 
Z0155C 2.52 19.69 O.O 
Z0182C 3.13 19.7 0.0 
Z0183C 3.14 19.31 O.O 
Z0202C 6.23 18.08 5.98 
Z0203C 6.22 18.35 4.58 

Co - 19.23 mg/L STD . 0.109 STE - 0.054 
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Figure 23. Boron adsorption on c l i n o p c i l o l i c e : (a) COOL f-.' 
NaCl e l e c t r o l y t e , and (b) 0.1 N NaCl e l e c t r o l y t e 
Dotted l ine represents l eas t squares f i t of a 
forth order polynomial of the data . 



because results from, the EQ3/6 water speciation modeling (in che absence 

of sorption to mineral surfaces) indicated absence of B(0H)4" species at 

a pH below 6 (see section 4.1.5), which is typically the species that 

adsorbs (Goldberg and Glaubig, 1985). 

6.5.2 Adsorption on Hematite 

Table 20 contains the results for the boron analyses of samples 

equilibrated. The percentage of boron adsorbed on hematite was 

calculated from the difference between the average initial solution 

concentration added and the boron concentration after equilibrium (for 

initial boron concentrations (Co) in solution see Table 20). These 

percentages were plotted against sample pH. Two plots were created- one 

for e*;ch electrolyte concentration (see Figure 24, & and b). Linear 

regressions of the scatter plots were calculated using the computer 

software StgrcaPlot. In the case of the hematite, both electrolyte 

suspensions displayed the same adsorption characteristics in contrast to 

clinopcilolite for which adsorption of boron in the electrolyte 

suspensions showed different pH regions of adsorption. Boron adsorption 

increased with increasing pH, exhibiting a maximum adsorption peak in 

the pH range 9 to 10. The pH value at which ipaximum adsorption was 

identified was higher than the expected for hematite. Literature 

information indicated otherwise; the maximum pH of adsorption for boron 

on hematite (suspended in NaCl solutions with 5.0 g B m ) reported by 

Goldberg and Glaubig (1985) is pH of 8, with decreasing boron adsorption 

at high pH. It is suspected that the cause of this relatively "high" 

sorption is due to the presence of chlorite (14 percent) in the hematite 

(see section 6.1, materials characterization). ChLorite is a clay 
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Table 20. Data for Boron Adsorption on Hematite 

0.005 H NaCI Electrolyte 

B Percentage 
Sample pH (mg/L> Adsorbed 

Z0278C 11.59 10.38 7.02 
Z0279C 11.58 10.25 6.24 
Z0298C 10.01 10.27 8.06 
Z0299C 9.99 10.17 8.95 
Z0319C 9.72 10.55 5.55 
Z0334C 8.7 10.41 6.80 
Z0335C 8.72 10.59 5.19 
Z0350C 8.41 10.58 5.28 
Z0351C 8.41 10.84 2.95 
Z0376C 7.47 10.46 6.36 
Z0377C 7.49 10.61 5.01 
Z0392C 7.2 10.62 4.92 
Z0393C 7.18 10.59 5.19 
Z0416C 6.22 10.42 6.71 
Z0417C 6.23 10.44 6.53 
Z0436C 3.62 10.65 4.65 
Z0437C 3.62 11.00 1.52 

Co - 11 .17mg/L STD - 0.049 STE - 0.020 

0.05 N NaCl Electrolyte 

Z0289C 11.61 9.6 12.95 
Z0308C 9.72 9.8 11.13 
Z0309C 9.72 10.18 7.69 
Z0328C 9.00 10.25 7.05 
Z0329C 8.99 10.15 7.96 
Z0344C 8.46 10.44 5.33 
Z0345C 8.41 10.40 5.69 
Z0360C 8.00 10.57 4.06 
Z0361C 7.98 10.61 3.80 
Z0386C 7.51 10.32 6.42 
Z0387C 7.50 10.56 4.24 
Z0402C 7.10 10.36 6.06 
Z0403C 7.08 10.96 0.62 
Z0422C 6.17 10.50 4.78 
Z0423C 6.10 10.68 3.15 
Z0446C 3.78 10.51 4.70 
Z0447C 3.76 10.79 2.16 

Co - 11. 2Bmg/L STD - 0.078 STE = 0.032 
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Figure 24. Boron adsorption on hemati te: (a) 0.05 N NaCl 
e l e c t r o l y t e , and (b) 0.005 N NaCl e l e c t r o l y t e . 
Dotzced l ine represents a l inear regression of 
the data. 



mineral and is suspected Co have a higher sorption capacity than the 

hematite. 

6.6 Stability of Hematite 

Even though researchers know that hematite is stable over a broad 

range of pH and Eh (see Figure 5). researchers suspected that during 

the experiment's pH adjustments, some of the hematite was being 

dissolved at low pH. To test this notion, iron analyses were done on 

ultrafiltjred (0.05 micron) samples (to remove colloidal materials) and 

on samples that were not filtered. The samples analyzed, which covered a 

rar.ge of pH values from 3.5 to 11, were those in the 0.005 N NaCl 

electrolyte solution. The iron concentration measured in the samples was 

plotted against pH (see Figure 25). It was found that at pH greater than 

7.5, the hematite colloids were dispersed, as is shown by the increase 

in iron concentration with Increasing pH (more dispersed), on the 

unfiltered samples. In this same range (pH greater than 7.5), the 

filtered samples showed an iron concentration equivalent to that of the 

background Fe in the pure electrolyte solution that had not been in 

contact with the hematite. At pH 7, both the filtered and nonfiltered 

samples had the same iron concentration (which is the same as the 

background solution), and there was no colloid dispersion or dissolution 

of the hematite. As pH decreases from 5, the iron concentration 

increases in both the filtered and nonfilteted samples. Iron 

concentration reaches 52 rag/L at pH 3.5, indicating that the iron is in 

solution and is not colloidal (was not removed during filtration). These 

results indicate that the hematite is being dissolved at pH values below 

6 and is stable at the pH range 6 to 11. 
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Figure 25. Iron concentrat ion for hematite samples with 
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7.0 SUMMARY AND CONCLUSIONS 

This Chesis describes experimental methods chat were used to 

evaluate boron as a potential reactive tracer for field studies. 

Objectives of this thesis included the implementation of experimental 

procedures to establish the prevalent adsorption mechanism for boron, to 

determine the sorptive characteristics and extent of boron sorption on 

hematite and clinoptilolite, and to determine whether boron should 

receive further consideration and s^udy at a potential reactive tracer. 

7.1 Summary 

Results from this research study found boron to be a potential 

tracer for further characterization as a chemisorbed tracer based on the 

following: soluble in water, detectable in low concentrations, excluded 

as a pollutant of priority in federal environmental regulations, and low 

natural background concentrations in Yucca Mountain waters. The sorption 

studies of boron indicate that boron sorbs strongly enough at the pH 

range of Yucca Mountain waters for concentration cliunges to be detected. 

Computer modeling results show that at C-well water temperature 

and pH conditions the boron B(0H)4" species would be present in 

sufficient molar concentration for sorption to be possible. Computer 

simulations with J-13 water and a spike of 100 mg/L boron showed minimal 

effects on water speciation and mineral solubilities. 

Sorption mechanism determinations indicate that boron sorbs 

chemically, possibly by surface complexation, i.e., as expressed by 

other authors (Beyrouty et al., 198^, Keren and Cast, 1983) as a 

specifically sorbed anion. This is suggested by the pH-dependent 

sorption interactions of taoron with the studied materials. EM 
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measurements and potentiontetric titration on hematite and clinoptiiolite 

indicate a shift in the pH of 2PC to a lower pH with horon additions. 

Both EM and potentiometric titration methods results supported each 

cither on obtaining pH of ZPC Ear both clinoptilolite and hematite. The 

pH of ZPC for clinoptilolite was measured at pH 3. The pH of ZPC for 

hematite was measured at pH 6.4. 

Boron is a viable candidate as a tracer for adsorption 

characterization of hematite and clinoptilolite. Sorption reaches a 

maximum in these minerals at pH values between 8 and 10. Clinoptilolite 

adsorbs boron at high pH values, reaching maximum 12% sorption at pH 8, 

with initial boron concentration of 20 mg/L, and electrolyte strengths 

of 0.1 N P-\6 0.001 N NaCl. Hematite adsorbs boron at high pH values; 

approximately 10% of the initial concentration of added boron (10 mg/L) 

was adsorbed by hematite at electrolyte strengths of 0.05 N and 0.005 N* 

NaCl. Boron adsorption on hematite reached a maximum of 15% at oH values 

between 9 and 10. 

Hematite at high pH values (greater than 7.5) forms colloids that 

disperse in 0.005 N NaCl. It was determined that ultrafiltration 

eliminated hematite colloids, and that at low pH (less than 5), iron 

concentration increases in filtered samples, indicating dissolution of 

hematite at these low pH values. 

7.2 Recommendations for Future Work 

Performing similar experiments to the ones in this study in 

natural materials (tuff) and other minerals (clays, and other oxides) 

would provide additional information as to the suitability of boron as a 

tracer. 



Other methods Ear obtaining ZPC, foe example, cation-anion 

exchange, can prove useful in determining 2PC of natural materials. This 

method, like potentiometric titration, utilizes all the particles in the 

sample (as opposed to electrophoresis, which only utilizes colloids). 

Uhen working with natural materials (tuff), utilizing only one fraction 

of the particle size may give erroneous results. Utilizing the colloidal 

size in tuffaceous materials will probably concentrate the clay 

minerals. 

Another recommendation is that potentiometric titrations be 

conducted so that the difference between the amount of total H or OH" 

added to the samples with solid and the amount required to bring a blank 

solution of the same salt concentration to the same pH is measured 

directly from the experiment. Setting up the titrations in this manner, 

rather than adding the same amount of acid or base to the sample and the 

reference electrolyte, will make data reduction and plotting of results 

to obtain ZPC much easier. As part of evaluating the suitability of 

boron as a tracer in the field, batch kinetics and equilibrium 

experiments should be performed at various boron concentrations and 

various temperatures and in the natural materials and other minerals. 

These experiments would aid in the development of isotherms for use in 

modeling and to estimate thermodynamic constants that can be used to 

support chemisorption as the prevalent sorption mechanism for boron. If 

boron proves to be a potential tracer, column studies are suggested to 

establish the best isotherm for use in field scale transport modeling. 

Boron also needs to be tested in the presence of other tracers (reactive 

and colloids) that will be used in the C-well field tests. 
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APPENDIX A 
The Geochemical Code PHREEQE 

The geochemical code PHREEQE can simulate mixing, titration of two 

stoichiometric reactions to solutions, and equilibration with one or 

more minerals and/or gasses (Plununer and Parkur^t, 1985). The program 

can simultaneously maintain, the reacting solution at equilibrium with 

multiple-phase boundaries and calculate pH, oxidation potential (Pe), 

total concentration of elements, the amounts of mineral or other phases 

transferred into or out of the aqueous phase with respect to specified 

mineral phases, and the distribution of aqueous species. The model's 

aqueous species and minerals included in the data base are user 

definable. 

The code PHREEQE uses five primary equations, which define 

electrical neutrality, conservation of electrons, mass balance (one 

equation for each element), mineral equilibrium (one equation for each 

mineral phase), and mass action equations (one for each aqueous 

species). PHREEQE utilizes an ion paring aqueous model. Ion pairs are 

formed by association of individual cations (X) and anions (Y). The 

equilibrium constant (K) for association reactions of the form xX + yY 

- XxYy can be derived from the following equation: 

K - I »c Yy) (6) 

[ x ] x - [Yjy 

The equilibrium constant (K) must be known for the program to simulate a 

chemical system (Parkurst e t al., 1980). 
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Figure 7 shows an input file created by running PHRIN. PHRIN is a 

user friendly program Chat formats information requested into a tile 

that can be used as the input file in a PHREEQE run. The file in Figure 

7 contains parameters and options used in a typical PHREEQE run. The 

first line of input is the title, which is supplied by the user. The 

second line (a series of numbers), represents options selected during a 

PHRIN run. The third zero in the series tells the program to model the 

initial solution with the concentrations given. Among other options that 

can be selected are titration of solution 1 with solution 2, addition of 

a reaction to a solution, equilibration of a solution with minerals, 

holding oxidation potential constant or having it determined by the 

reaction, choice of Debye-Huckle or Davies equation for activity 

coefficients, speciation of concentration units for species input, and 

adjustment for charge imbalance in the solution (Parkurst et al., 1980). 

Following the option items of line 2 are the parameters for the aqueous 

solution, including ionic species, temperature, pH, and Pe. The ions 

that compose the aqueous solutions are listed with an ion index number 

and its concentration; for example, 24 ,19100E-04 refers to a sodium 

(24) concentration of .00191 mole/kg. The next item of the input file 

includes the minerals to be equilibrated with the water; first appears 

the mineral name, then the number of species in the mineral dissociation 

reaction, the sura of operating valances, the log of equilibrium conscanc 

for the reactions, and finally the saturation index foi final solution. 

The simulation is terminated by an END statement. 
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When PHREEQE is loaded in the computer, it responds hy asking tot 

an input file. Any file created by EKRIN may be used. PHREEQE then asks 

for an output file name to write the results to. After the output file 

name is entered, the program reads the input data and begins 

calculations. When finished with calculations, the program writes the 

output to the designated file, (see the example of PHREEQE output at the 

end of this appendix.) 

All input data is shown at the top of the output file, followed by 

a description of the solution. The description includes temperature, pH, 

ionic strength, Pe, activity of H2O, electrical balance, alkalinity, and 

carbon. Next follows a list of the distribution of species, including 

molality, activity, and activity coefficients for each species. The 

final section is a look-minerals list. This list contains ion activity 

products and saturation products for each possible mineral. By looking 

at this section, mineral saturation states can be examined. 

Verification and Validation of the Geochemical Code PHREEQE 

Verification implies that a. code has been shown to work the way it 

should. Validation involves proving that the code can model real 

systems. A code-to-code verification of PHREEQE and EQ3/6 was performed 

using the same aqueous model and thermodynamic data for each code. It 

was found that results were nearly identical for both codes (Plumraer ana 

Parkursc, 1985). 



Total validation of a geochemieal code is very difficult. However, 

partial validation is a useful procedure because conditions can be 

bounded so that inferences can be made as to when a model is best 

applied. Simulation data from PHREEQE was compared to water data 

calculated using the Pitzer model of Harvie et al. (1984), which is one 

of the most completely validated models. The results showed reasonable 

agreement between the two models for sea water and for waters of even 

higher ionic concentrations (Plummer and Parkurst, 1985). PHREEQE is 

best suited for relatively dilute vaters. Studies done by the USGS with 

PHREEQE on waters of low ionic strength, have shown results comparable 

to studies done in Madison Limestone aquifer and to laboratory studies 

of carbonate systems. These two studies provide a partial validation 

because of their close agreement between predicted and measured 

parameters (Plumraer and Parkurst, 1985). 

113 



CURRICULUM VITAE 

Gabriela Maria Gainer was born on July 21, 196^, in Chihuahua, 

Chin., Mexico, Che first daughter of Donald and Cristina Green. After 

completing her work at Colegio Latino Americano, Cd. Juarez, Chin., 

Mexico, she entered The University of Texas at El Paso. While pursuing a 

bachelor's degree in geological sciences, she was awarded the W. P. Nash 

Scholarship, and worked in the geochemistry laboratory as a laboratory 

assistant. She received the degree of Bachelor of Science from The 

University of Texas at El Paso in December 1986. In September, 1987, she 

entered che Graduate School of the University of Texas at El Paso, where 

she was awarded a government stipend to conduct her graduate research at 

the Los Alamos National Laboratory. 

Permanent address: 18021 Carson 
El Paso, Texas 79927 

This thesis was typed by Gabriela Gainer 

U4 



REFERENCES 

Aices, L. L., 1964. Some Zeolite Equilibria with Alkali Metal Cations. 
Araer. Miner,, Vol. 49, pp. 127-143. 

Ames, L. L. , and B. W, Keccer, 1961, The Use of Clinoptilolite do Remove 
Potassium Selectively from Aqueous Solutions of Mixed Salts. Economic 
Geol., Vol. 56; pp. 1133-1136. 

Aubert, H., and M. Plnta, 1977, Trace Elements in Soils. Elsevier 
Scientific Publishing Co., Amsterdam, pp. 5-11. 

Bear, F. E. , 1955, Cheraistry of the Soil. Reinliold Publishing Co., New 
York, pp. 274-275. 

Benefield, L. D., J. F. Judkins Jr., and B. L. Weand, 1982, Process 
Cheraistry for Water and Wastewater Treatment. Prentice-Hall, Inc., New 
Jersery, pp 164-187. 

Benson, L. V,, and P. W. McKinley, 1985, Chemical Composition of Ground 
Water in the Yucca Mountain Area, Nevada, 1971-1984. U.S.G.S. Open File 
Report 85-484, 10 pp. 

Beyroucy, C. A., G. E. Van Scoyoc, and J. R. Feldkarap, 1984, Evidence 
Supporting Specific Adsorption of Boron on Synthetic Aluminum 
Hydroxides. Soil Sci. Soc. An. J., Vol. 48, pp. 284-287. 

Bingham, F. T., 1982, Methods of Soil Analysis, Part 2. Chemical and 
Microbiological Properties-Boron. A. L. Page (ed.). American Society 
of Agronomy, Inc., Soil Science Society of America, Inc. Published. 
Madison, Wisconsin, USA. Pg. 435-436. 

Bish, D. L., D. T. Vaniman, F. M. Byers, Jr., and D. E. Broxton, 1982, 
Summary of the Mineralogy-Petrology of Tuffs of Yucca Mt. and the 
Secondary-Phase Thermal Stability in Tuffs. Las Alamos National 
Laboratory Report, LA-9321-MS, 47 pp. 

Bish, D. L., and S. J. Chipera, 1986, Mineralogy of Drill 
Holes J-13, UE-25A*1, and USW G-l at Yucca Mountain, Nevada, 
Los Alamos National Laboratory Report, LA-10764-MS, 22 pp. 

Breck, D. W., 1984, Zeolite Molecular Sieves. Robert E. Kreiger 
Publishing Co., Malabar, FL, 771 p. 

Broxton, D. E. , D. L. Bish, and R. G. Warren, 1987, Distribution and 
Chemistry of Diageoetic Minerals at Yucca Mountain, Nye County, Nevada. 
Clays and Clay Minerals, Vol. 35, No. 2. pp. 89-110. 

L15 



Carlos, B. A., 1985, Minerals from Fractures of the Unsaturated Zone 
from Drill Core USW G-4, Yucca Mt,, Nye County, Nevada. Los Alamos 
National Laboratory Report. LA-9321-KS, 55 pp. 

Campbell, K., 1987, Lateral Continuity of Sorptive Mineral Zones 
Underlying Yucca Mountain, Nevada. Los Alamos National Laboratory 
Report, LA-11070-MS, 44 pp. 

Chipera, S. J., 1986, Preliminary X-Ray Diffraction Results for Well UE-
25P#1. Unpublished Los Alamos National Laboratory study, 8 pp. 

Chipera, S. J., 1988, Zeolite Purification/Separation Procedure. Los 
Alamos National Laboratory Yucca Mountain Project Quality Assurance 
Manual, TUS-ESS-DP-110, RO. 3 pp. 

Chipera, S. J., and D. L. Bish, 1988. Mineralogy of Drill 
Hole UE-25p*l at Yucca Mountain, Nevada. Los Alamos National Laboratory 
Report, LA-U292-MS, 24 pp. 

Cole, D. R., 1983, Theory and Applications of Adsorption and Ion 
Exchange Reaction Kinetics To In Situ Leaching of Ores. In Leaching and 
Diffusion in Rocks and Their Weathering Products, S. S. Augustithis ed., 
1983, Theophrastus Publications S. A-. Athens, Greece, pp. 3-28. 

Chipera, S. J., and D. L. Bish, 1988, Samples for X-Ray Analysis. Los 
Alamos National Laboratory Yucca Mountain Project Memorandum. TWS-EES-
1-11/88-21. 

Delgado, A., F. Gonzales C., and J. M. Bruque, 1986, On the 
Electrophoretic Mobility and Zeta Potential of Montmorillonite in Non-
Aqueous Media. Colloid and Polymer Sci., Vol. 264, pp. 436-438. 

Douglas, B. K., V. S. Tripathi, N. B. Ball, and J. 0. Leckie, 1986. 
Surface Complexation Modeling of Radionuclide Adsorption in Sub-Surface 
Environments. Environmental Engineering and Science Department of Civil 
Engineering, Stanford University, Technical Report No. 294. 

Ebinger, M. H., 1989, EQ3/6 computer modeling results. Letter dated 
February 3, 1989. TWS-EES-15-09-90-002. 

Felmy, A. R., D. C. Girvin, and E. A. Jenne, 1983, MINTEQ-- A Computer 
Program for Calculating Aqueous Chemical Equilibria. Final Project 
Report, EPA contract 68-03-3089. 

Fuentes. H. R., W. L. Polzer, E. H. Essington, and B. D. Newman, 1987, 
Identification and Characterization of Reactive Tracers for the C-Wells 
Investigations. NNWSI Milestone Report R379, 56 pp. 

U6 



Galloway, D., 1986, Preliminary C-Well Investigation Results. 
Unpublished USCS memorandum, S3 pp. TWS-EES-15-11-90-002. 

Garrels, R. M. , and C. L. Christ, 1965, Solutions, Hinerals and 
Equilibria. Harper & Row Publishers, New York, pp. 172-263. 

Goldberg, S., and R. A. Glaubig, 1985, Boron Adsorption on Aluminum and 
Iron Oxide Minerals. Soil Sci. Soc. Am. J., Vol. 49, pp. 1374-1379. 

Goldberg, S., and R. A. Glaubig, 19fl6a, Boron Adsorption on California 
Soils. Soil Sci. Soc. Am. J., Vol. 50, pp. 1173-1176. 

Goldberg, S., and R. A. Glaubig, 1986b, Boron Adsorption and Silicon 
Release by The Clay Hinerals Kaolinite, Montmorillonite, and Illite. 
Soil Sci. Soc. Am. J., Vol. 50. pp. 1442-1448. 

Goldberg, S. , and R. A. Glaubig, 1988, Boron and Silicon Adsorption on 
an Aluminum Oxide. Soil Sci. Soc. Am. J., Vol. 52, pp. 87-91. 

Hoover, D. L., 1968, Genesis of Zeolites, Nevada Test Site. In Nevada 
Test Site. E. B. Eckel, ed. Geological Soc. of Am., Memoir 110, pp. 275-
284. 

Howery, D. G., and H. C. Thomas, 1965, Ion Exchange on the Mineral 
Clinoptilolite. Jour. Phys. Chem., Vol. 69, pp. 531-537. 

Hurlbut, C. S. Jr, and C. Klein, 1977, Manual of Mineralogy (after James 
D. Dana). 19th Edition, John Wiley & Sons, New York, 532 p. 

Kabata-Pendias, A., and H. Pendias, 1984, Trace Elements in Soils and 
Plants. CRC Press, Boca Raton, Fl., pp. 127-134. 

Kent, D. B., V. S. Tripathi, N. B. Ball, and J. 0. Leckie, 1986, 
Surface-Complexation Modeling of Radionuclide Adsorption in Sub-surface 
Environments. Technical Report No. 294, Department of Civil Engineering, 
Stanford University, 110 p. 

Keren, R., R. G. Cast, and B. Bar-Yosef, 1981, pH-Dependent Boron 
Adsorption by Na-montcnorillonite. Soil Set. Sac. Am. J., Vol. 45. pp. 
45-48. 

Keren, R., and U. Mezuraan, 1981, Boron Adsorption by Clay Minerals Using 
a Phenoraenological Equation. Clays and Clay Win., Vol. 29, pp. 198-204. 

Keren, R., and R. G, Gast, 1983, pH-Dependent Boron Adsorption by 
Montmorillonite Hydroxy-Aluminum Complexes. Soil Sci. Soc. Am. J., Vol. 
47. pp. 1116-1121. 



Krauskopf, K. B., 1979, Introduction to Geochemistry. Secod Edition, 
McCraw - Hill Book Company, New York, 617 p, 

Koncure, G. K., R. C, Surdara, and H. L. McKague, 1981, Zeolite 
Diagenesis Below Pahute Mesa, Nevada Test Site. Clays and Clay Mtn,, 
Vol. 29, pp. 385-396. 

Ogard, A. E., and J. F. Kerrisk, 1984, Ground Uater Chemistry Along Flow 
Paths Between a Proposed Repository Site and the Accessible Environraent. 
Los Alamos National Laboratory Report, LA-10188-MS, 48 pp. 

Parker, J. C , L. W. Zelazny, S. Sampath, and W. G. Harris, 1979, A 
Critical Evaluation of the Extension of Zero Point of Charge (ZPC) 
Theory to Soil Systems. Soil Sci. Soc. Am. J., Vol. 43, pp. 668-674. 

Parkhurst, D. L., D. C. Thorstenson, and L. M. Plununer, 1980, ERREEQE-A 
Computet Program for Ceochemical Calculations. U.S. G. S. , Vater-
Resources Investigations, 80-96, 210 pp. 

Parks, G. A., 1967, Aqueous Surface Chemistry of Oxides and Complex 
Oxide Minerals. Isoelectric Point and Zero Point of Charge. In Advances 
in Chemistry Series, Vol 67, R, F. Gould, ed., pp. 121-160. 

Plumraer, L. N., and D. L. Parkhurst, 1985, PHREEQE: Status and 
Applications. Proceedings of a Conference on Application of Ceochemical 
Models to High-Level Nuclear Uaste Repository Assessment. G. K. Jacobs 
and S. K. Whatley, eds., U. S. Nuclear Regulatory Commission, pp. 37-45, 

Rai, D., and J. M. Zachara, 1984, Chemical Attenuation Rates, 
Coefficients, and Constants in Leachate Migration. Volume 1: A Critical 
Review. Bantelle, Pacific Northwest Laboratories, Richland, Washington, 
pp. 8-1 to S-9. 

Rhoades, J. D., R. D. Ingyalson, and J. T. Hatcher, 1970, Adsorption of 
Boron by Ferromagnesian Minerals and Magnesium Hydroxide. Soil Sci. Soc. 
Am. Proceedings, Vol. 34, pp. 938-941, 

Riddick, T. M., 1968, Control of Colloid Stability Through Zeta 
Potential- 2eta-Meter, New York, 367 p. 

Rubin, A. J., 1974, Aqueous-Environmental Chemistry of Metals. Ann Arbor 
Science Publishers, Ann Arbor, Mich. 

Schulchess, C. P., and D. L. Sparks, 1988, A Critical Assessment of 
S-irface Adsorption Models. Soil Sci. Soc. Am. J., Vol. 52, pp. 92-97. 

Scott, R. B. , and M. Castellanos, 1984, Statigraphic and Structural 
Relations of Volcanic Rocks in Drill Holes USW GU-3 and USU G-3, Yucca 
Mountain, Nye County, Nevada. U.S-G.S. Open File Report, 84-491, 121 pp. 

118 



Sparks, D. L. , 1986, Soil Physical Chemistry. CRC Press, Boca Raton, 
FL, pp. 70-81. 

Sposito, G., 1981, The Operational Definition of the Zero Point of 
Charge in Soils. Soil Sci. Soc. An. J., Vol. 45, pp. 292-297. 

Sposito, G., 1984, The Surface Chemistry of Soils. Oxford University 
Press, pp. 81-88 and 154-197. 

Springer, E. P., S. Mrdsell, E. Essington, H. Fuentes, B. Newman, E. 
Nuttal, W. Polzer, and B. Robinson, 1987, Study Plan for Reactive Tracer 
Experiments in the C-Uells and Other Wells in the Yucca Mountain 
Vicinity. NNWSI Milestone No. R397, 72 pp. 

Stumrn, W. , and J. J. Morgan, 1981, Aquatic Chemistry. John Wiley and 
Sons, New York, 780 pp. 

Thomas, K. W., 1987, Summary o£ Sorption Measurements Performed with 
Yucca Mountain, Nevada, Tuff Samples and Water from Well J-13. Los 
Alamos National Laboratory Report, LA-10960-MS, 99 pp. 

U. S. Department of Energy, 1988, Consultacion Draft of the Site 
Characterization Plan for the Yucca Mountain Site, Nevada Research and 
Development Area, Nevada, Volume IV. U. S. Department of Energy Report. 
USD0E/RW-0160. 

U. S. Environmental Protection Agency, 1988, Guidance on Remedial 
Actions for Contaminated Ground Water at Superfund Sites. U. S. 
Environmental Protection Agency, Washington, D. C., Interim Final 
EPA/540/G-88/003, pp. E-l to E-9. 

tfeast, R. C., 1987, CRC Handbook of Chemistry and Physics, 68th Edition. 
CRC Press, Inc., Boca Raton, Fl., 2506 pp. 

Uestall, J. C , 1987, Adsorption Mechanisms in Aquatic Surface 
Chemistry. In Aquatic Surface Chemistry, W. Stumm, ed.. 1987, John 
Wiley and Sons, Hew York, pp 3-31. 

Uestall, J., and H. Hohl, 1980, A Comparison of Electrostatic Hodels £or 
the Oxide/Solution Interface. Advances in Colloid and Interface Sci., 
Vol. 12. pp. 265-294 

Williams, D. J. A., and K. P. Williams, 1978, Electrophoresis and Zeta 
Potential of Kaolinite. Jour. Culloid and Interface Sci., Vol. 65, pp. 
79-87. 



Wolery, T. J., 1983, EQ3NR--a Computer Program for Geochemical Aqueous 
Speciation-Solubillty Calculations: User's Guide and Documentation. 
Lawrence Livermore Laboratory Report, UCRL-53414, 40 p. 

Wolery, T. J., D. J. Isherwood, K. J. Jackson, J. H. Delany, and I. 
Puigdoraenech, 1985, EQ3/6: Status and Applications: Proceedings of a 
Conference on Application of Geocheraical Models to High-Level Nuclear 
Waste Repository Assessment. G. K. Jacobs and S. K. tfhatley, eds., U. S. 
Nuclear Regulatory Commission, pp. 54-65. 

Yoon, R. H., T. Salman, and G. Donnay, 1979, Predicting Points of Zero 
Charge of Oxides and Hydroxides. Jour. Colloid and Interface Sci., Vol. 
70, pp. 483-493. 

Zeta Meter, 1983, Zeta-Meter Operating Manual, ZI13-83, Zeta-Meter, Long 
Island City, New York, 15 pp. 



APPENDIX A 
The Geochemlcal Code PHREEQE 

The geochemlcal code PHREEQE can sinulate mixing, titration of two 

stoichiometric reactions to solutions, and equilibration with one or 

more minerals and/or gasses (Plumraer and Parkurst, 1985). The program 

can simultaneously maintain the reacting solution at equilibrium with 

multiple-phase boundaries and calculate pH, oxidation potential (Pe). 

total concentration of elements, the amounts of mineral or other phases 

transferred into or out of the aqueous phase with respect to specified 

mineral phases, and the distribution of aqueous species. The model's 

aqueous species and minerals included in the data base are user 

definable. 

The code PHREEQE uses five primary equations, which define 

electrical neutrality, conservation of electrons, mass balance (one 

equation for uach element), mineral equilibrium (one equation for each 

mineral phase), and mass action equations (one for each aqueous 

species), PHREEQE utilizes an ion paring aqueous model. Ion pairs are 

formed by association of individual cations (X) and anions (Y). The 

equilibrium constant (K) for association reactions of the form xX + yY 

- XxYy can be derived from the following equation: 

K - 1 x * ifyl W 

IXJ X- m y 

The equil ibrium canscanc (K) rrusc be known for Che program Co simulate a 

chemical system (Parkursc ec a l . , 1980). 
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Figure 7 shows an input file created by running PHRIN. PHRIN is a 

usee friendly program chat tormats Information requested into a file 

that can be used as the input file in a PHREEQE run. The file in Figure 

7 contains parameters and options used in a typical PHREEQE run. The 

first line of input is the title, which is supplied by the user The 

second line (a series of numbers), represents options selected during a 

PHRIN run. The third zero in the series tells the program to model the 

initial solution with the concentrations given. Among other options that 

can be selected are titration of solution 1 with solution 2, addition of 

a reaction to a. solution, equilibration of a solution with minerals, 

holding oxidation potential constant or having it determined by the 

reaction, choice of Debye-Huckle or Davies equation for activity 

coefficients, speciation of concentration units for species input, and 

adjustment for charge imbalance in the solution (Parkurst et al,, 1980). 

Following the option items of line 2 are Che parameters for the aqueous 

solution, including ionic species, temperature, pH, and Pe. The ions 

that compose the aqueous solutions are listed with an ion index number 

and its concentration; £OT example, 2i .191Q0E-Q4 refers to a sodium 

(2i) concentration of .00191 pole/kg. The next item of the input file 

includes the minerals to be equilibrated with the water; first appears 

the mineral name, then the number of species in the mineral dissociation 

reaction, the sura of operating valances, the log of equilibrium constant 

for the reactions, an^ finally the saturation index for final solution. 

The simulation is terminated by an END statement. 



When PHREEQE is loaded in che computer, it responds by asking for 

an input file. Any file created by PHRIN may be used. PHREEQE then asks 

for an output file name to write the results to. After thr output file 

name is entered, the program reads the input data and begins 

calculations. When finished with calculations, the program writes the 

output to the designated file, (see the example of PHREEQE output at the 

end of this appendix.) 

AIL input data is shown at the top of the output file, followed by 

a description of nhe solution. The description includes temperature, pH, 

ionic strength, Pe, activity of H2O, electrical balance, alkalinity, and 

carbon. Next follows a list of the distribution of species, including 

molality, activity, and activity coefficients for each species. The 

final section is a look-minerals list. This list contains ion activity 

products and saturation products for each possible mineral. By looking 

at this section, mineral saturation states can be examined. 

Verification and Validation of the Geocheraical Code PHREEQE 

Verification implies that a code has been shown to work the way it 

should. Validation involves proving that the code can model real 

systems. A code-to-code verification of PHREEQE and EQ3/6 was performed 

using Che same aqueous model and thermodynamic data for each code. It 

was found that results were nearly identical C;c both codes (Pluramer and 

Parkurst. 1985). 
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Total validation of a geochemical code is very difficult. However, 

partial validation is a useful procedure because conditions can be 

bounded so chat inferences can be made as to when a model is best 

applied. Simulation data from PHREEQE was compared to water data 

calculated using the Pitzer model of Harvie et al. (19SM, which is one 

of the most completely validated codels. The results showed reasonable 

agreement between the two models for sea water and for waters of even 

higher ionic concentrations (Plununer and Parkurst, 1985). PHREEQE is 

best suited for relatively dilute waters. Studies done by the USGS with 

PHREEQE on waters of low ionic strength, have shown results comparable 

to studies done in Madison Limestone aquifer and to laboratory studies 

of carbonate systems. These two studies provide a partial validation 

because of their close agreement between predicted and measured 

parameters (plunwier and Parkurst, 1985). 
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