INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may
be from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in
reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly
to order.

University Microfilms International
A Bell & Howell Information Company

300 North Zeeb Road. Ann Arbor, MI 48106-1346 USA
313/761-4700 800./521-0600






Order Number 93834001

Chemical reaction kinetics and bonding mechanisms of boron
adsorption and desorption on alumina

Toner, Charles Vincent, IV, Ph.D.

University of Delaware, 1993

U-M-1

300 N. Zeeb Rd.
Ann Arbor, M1 48106






CHEMICAL REACTION KINETICS AND BONDING MECHANISMS

OF BORON ADSORPTION AND DESORPTION ON ALUMINA

by

Charles V. Toner, IV

A dissertation submitted to the Faéulty of the University of Delaware in
partial fulfillment of the requirements for the degree of Doctor of Philosophy in
Plant and Soil Sciences.

May 1993

Copyright 1993 Charles V. Toner, IV
All Rights Reserved



CHEMICAL REACTION KINETICS AND BONDING MECHANISMS

OF BORCN ADSORPTION AND DESORPTION ON ALUMINA

by

Charles V. Toner, IV

Approved: 08' G’V\—W{ﬂe’ % :\wﬁ/

Donald L. Sparks, Ph.D.
Chairman of the Department of Plant and Soil Sciences

Approved: J VZ\ (. )Z/(

Jghn C. Nye, Ph.D.
Dean of the College of Agricultural Sciences

Approved: OW 7. Hﬁ%ﬁc -

Carol E. Hoffecker, Plz@ﬂ
Associate Provost for Graduate Studies




Signed:

Signed:

Signed:

Signed:

I certify that I have read this dissertation and that in my opinion it
meets the academic and professional standard required by the
University as a dissertation for the degree of Doctor of Philosophy.

Donald L. Sparks, Ph.D.

Professor in charge of dissertation

I certify that I have read this dissertation and that in my opinion it
meets the academic and professional standard required by the
University as a dissertation for the degree of Doctor of Philosophy.

Je%f f(éléul%nalg,-Ph.D.

Member of dissertation committee

I certify that I have read this dissertation and that in my opinion it
meets the academic and professional standard required by the
University as a dissertation for the degree of Doctor of Philosophy.

Q(“/U‘W%w

J. Thomas Sims, Ph.D.
Membey of dissertation committee

I certify that I have read this dissertation and that in my opinion it
meets the academic and professional standard required by the
University as a dissertation for the degree of Doctor of Philosophy.

Aud O vt

Robert A. Smith, Ph.D.
Member of dissertation committee




ACKNOWLEDGMENTS

There are many people to whom I am indebted for their support and
fellowship throughout my graduate sojourn. Due to the protracted length of my
tenure, the list has grown to gargantuan proportions and space and raw materials
prevent me from hailing each and every one. My failure to mention any of these
people herein is not reflective of the extent of my indebtedness to them.

Several people deserve particular recognition. I would like to thank Dr.
Donald L. Sparks for his generosity in providing me with this opportunity of a
lifetime. His ongoing interest in both my professional and personal growth, and his
gentle prodding are in every way responsible for bringing me to this juncture. I am
most fortunate that our paths have crossed. I also wish to thank Dr. Jeffry J.
Fuhrmann and Dr. J. Thomas Sims for serving on my graduate committee and for
their thorough evaluation of my dissertation. Their thoughtful suggestions have
made this a more cohesive treatise. Their artful instruction in the practical aspects
of soil science has also provided me a much firmer footing on terra firma. 1 am
especially indebted to Dr. Robert Smith for his participation on my graduate

committee, which came at great personal inconvenience. His criticisms of my

iv



v

spectroscopic efforts were invaluable and spared me professional embarrassment.
His efforts were well above and beyond the call of duty.

Special thanks goes to Gerald Hendricks for his unerring cooperation
and loyal friendship. If not for him, the lab would have fallen to ruin long ago. In
this environment of unrelenting change, he was the one constant. Many graduate
students, postdoctoral fellows, and professors, in soil chemistry, as well as other
disciplines, have made my graduate studies more memorable. To mention only a
few: a note of gratitude to Maria Saduski, you are one of the most thoughtful
people I've ever known. Dr. Paul Grossl, thanks for the ashram, it was truly a
refuge. Dr. Scott Fendorf and Dr. Pengchu Zhang, the soup was right on.

I am grateful to the University of Delaware for the provision of a
competitive fellowship, which supported the bulk of my degree program, and the
U. S. Borax Research Corporation for generously funding my research efforts and
for their expressed interest in my investigations.

The deépest gratitude is extended to my family, particularly my parents,
Charles V. Toner, III and Mary Meier Toner, for their unflagging devotion and
encouragement. Your unabashed pride in my success was easily my greatest
motivation. I love you all very much.

Finally, to Amy, mere words cannot express the depth of my
appreciation. I owe it all to you in so many ways. I can only hope to repay you in

the remainder of my earthly days. If not, there is always eternity.



TABLE OF CONTENTS

LISTOFFIGURES ....... .. 0ttt ix
LISTOFTABLES ... ... ittt xii
ABSTRACT ...ttt it ittt e xiii
Chapter
1 INTRODUCTION .. ... ittt i e e 1
1.1 Boron and Plant Nutrition ............. ... ... ..., 1
1.2 Boron GeochemiStry ..........cviviuinennnnenn. 4
1.3 Boronin Soils .......... ..., 6
14 BoroninFlyAsh ......... ... i, 8
1.5 Boron in Organic Complexes . ............cvuvnvnn. 10
1.6 Soil Properties and Boron Availability . . .............. 13
1.7 Mathematical Models for Boron Adsorption
Reactions . . ..o iv it i i e 20
1.8 Kinetics of Boron Adsorption/Desorption . ............. 26
1.9 Spectroscopic Investigationsof Boron .. .............. 31
1.LI0 Objectives ... vv i iiiiiiiiiiii i i 33
2 PRESSURE-JUMP RELAXATION ANALYSIS OF BORON
ADSORPTION/DESORPTION REACTIONS .. ............ 36
2.1 Introduction ...........ciiuiiniiiiin i 36
2.1.1 Chemical Relaxation Kinetics . ................ 36
2.1.2 The Pressure-jump Technique ................. 39
2.1.3 Pressure-jump Studies in Colloidal
SYStemS . ... oi it e e e 41
2.1.4 Pressure-jump Apparatus with
Conductivity Detection . . . ... ................ 44
2.1.5 Preliminary Static Measurements for
P-jump Studies in Colloidal Systems ............ 49

vi



vii
2.1.6 Measurement of Relaxation Times .. ............

2.2 Previous Relaxation Studies Relevant
toSoil Chemistry .......... .. i,

2.3 Materialsand Methods .. ......ccvviiv i nnanss

2.3.1 Aluminum Oxide Characterization and
Static Measurements . .........c.couiieeraann
2.3.2 Pressure-jump Measurements of Boron
Adsorption/Desorption Rates . . ................

2.4 Results and Discussion . ........ceeieeeerveesnnss

2.4.1 Static Measurements ............co0eennon.an
2.4.2 Pressure-jump Measurements .................
2.4.3 Triple Layer Model Application to

Boron Adsorption Isotherm Data ...............
2.4.4 Analysis of Relaxation Data Using

the TLM-IS ... ... i
2.4.5 Pressure-jump Data Analysis Using

OtherEDLModels .......... oo

INFRARED SPECTROSCOPIC ANALYSIS OF AQUEOUS
ALUMINA AND ADSORBED BORON .................

3.1 Introduction

3.1.1 Vibrational Spectroscopy of Surfaces ............
3.1.2 Physical Chemistry of Infrared

SPECITOSCOPY  + v v v vt vt e
3.1.3 Infrared Spectroscopy of Minerals ..............
3.1.4 Developments in IR Analysis of Powders

and Surfaces in Aqueous Suspensions ...........

3.2 Infrared Applications in Mineralogy
and Surface Chemistry ..............ciiivvevnnn.

3.3 Materialsand Methods ......... ..o

52

57

59

59
65
69

69
71

72

78

83



34 Resultsand Discussion .............. ... ... 123

3.4.1 Aqueous Alumina Spectra .......... ... .. ... 123

3.4.2 Aqueous and Adsorbed B Spectra ... ... ... ..., 146

3.4.3 Summary of Infrared Results ................. 155

4 SUMMARY AND CONCLUSIONS ......... ... ..., 157

REFERENCES ... ... i i 163



2.1

2.2

2.3

24

2.5

2.6

3.1

3.2

33

3.4

LIST OF FIGURES

Schematic diagram and sectional views of the pressure-jump

1 0)0Y:1 C: 1111 O

Adsorption of boric acid (BA), borate (BT), and total B
on alumina as a function of pH. Boric acid and BT
adsorption were modeled using the TLM-IS .........

The pH dependence of relaxation times (t) measured in
alumina suspensions with 0.012 mol total BL™ .. .. ..

The effect of B(OH),” concentration on relaxation times
(t) measured in alumina suspensions with 0.012 mol
total B L i e

Plot of T vs. P in Eqn. 2.21 for the borate inner-sphere
adsorption mechanism ................ ...

A Schematic diagram of the alumina surface/solution
interface according to Stern (Westall and Hohl, 1980) . .

The 3900 to 2500 cm™ region of the HATR-FTIR spectra
of a dialyzed alumina suspension (56 g L") and
aluminapaste .......... ... i .

The 1900 to 700 cm™ region of the HATR-FTIR spectra
of a dialyzed alumina suspension (56 g L™) and
aluminapaste . .........iiiiiiiiii e

The 3900 to 2900 cm™ region of the HATR-FTIR spectra
of alumina suspensions (56 g L") atpH 3 and5 .....

The 1800 to 750 cm™ region of the HATR-FTIR spectra
of alumina suspensions (56 g L") atpH 3 and5 .....

ix

45

70

73

74

82

85

124

125

128

129



35

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

X

The 3900 to 2800 cm™ region of the HATR-FTIR spectra
of alumina suspensions (28 g L™ and 56 g L™)
BUPH A2 « o ee e e 130

The 1200 to 700 cm™ region of the HATR-FTIR spectra
of alumina suspensions (28 g L™ and 56 g L™)
atpH 42 ..o e 131

The 3900 to 2500 cm™ region of the HATR-FTIR spectrum
of an alumina suspension (56 g L) atpH 11.5 ...... 133

The 2000 to 750 cm™ region of the HATR-FTIR spectrum
of an alumina suspension (56 g L) atpH 11.5 ...... 135

The 3900 to 1900 cm™ region of the HATR-FTIR spectra
of a deuterated alumina suspension (56 g L™") and a
deuterated alumina paste .. .......c.c0 oo 135

The 1900 to 675 cm™ region of the HATR-FTIR spectra
of a deuterated alumina suspension (56 g L™") and a
deuterated alumina paste ........... ... 0. 136

The 3900 to 1900 cm™ region of the HATR-FTIR spectrum
of a deuterated alumina suspension (55 g L™)
adjusted topD 2 ... . 139

The 1700 to 675 cm™ region of the HATR-FTIR spectrum
of a deuterated alumina suspension (55 g L™)
adjustedtopD 2 .. ... .. i 140

The 3900 to 2600 cm™ region of the HATR-FTIR spectrum
of a freshly precipitated AI(OH); gel paste at pH 6.5 ... 143

The 1500 to 850 cm™ region of the HATR-FTIR spectra
of a freshly precipitated AI(OH), gel paste at pH 6.5
and a 0.6 mol L™ NaNO, solution ............... 144

The HATR-FTIR spectrum of a 0.35 mol L™ B solution
N ELO H 46) . oneeeeeeeeeeeeeeennns 147

The HATR-FTIR spectrum of a 0.35 mol L™ B solution
i1 D,0 (D 46) e e 148



3.17

3.18

3.19

xi

The HATR-FTIR spectrum of a 0.35 mol L™ B solution
in HO adjusted topH 106 .................... 149

The HATR-FTIR spectrum of an alumina paste with
adsorbed B. The paste was obtained from a 56 g L™
alumina suspension with 0.18 mol total BL™ .. ... ... 152

The HATR-FTIR spectrum of a deuterated alumina paste
with adsorbed B. The paste was obtained from a 55 g L™
alumina suspension with 0.18 mol L™ total Bin D,0 .. 153



2.1

22

LIST OF TABLES

Electric double layer model parameters for alumina
surface acidity reactions used in the four FITEQL
model OpHioNS .« . . v v v vttt it i e e

Model-dependent intrinsic equilibrium constants for
B adsorption obtained using the FITEQL program .. ..

xii



Chapter 1

INTRODUCTION

1.1 Boron and Plant Nutrition

Boron (B) is one of several essential nutrients required for normal plant
growth. Because of its efficacy in small quantities, it is classified as a
micronutrient, where the range between deficiency and toxicity is rather narrow. Of
the various micronutrients classified as essential, B deficiency in plants is the most
pandemic, having been reported for one or more crops in 43 states in the United
States, most provinces in Canada, as well as in many other countries throughout the ~
world (Gupta, 1979).

Total soil B content for most soils ranges from 20 to 200 g kg™
however, usually less than 5% of total B is found in plant available forms (Gupta,
1979). Generally; plant growth suffers at soil solution B levels of less than 1 g m™
and above levels of 5 g m™ water-soluble B (Reisenauer et al., 1973). In the

majority of agricultural soils from humid regions, water-soluble B levels fall
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between 0.1 and 3.0 g m™. Water-soluble B represents that portion of total-B
which is readily available to plants (Fleming, 1980).

The role of B in plant physiology has not been firmly established.

Many possible roles have been suggested, most relating to the high affinity of B for
polyhydroxyl compounds such as alcohols and sugars (Tisdale et al., 1985). Most
evidence gathered to date indicates that B plays an important role in cell division
and membrane function, and is a necessary constituent of the cell wall (Gupta et al.,
1985).

Boron is unique among the essential plant nutrients in that no other is
normally found in the soil solution as an uncharged species at pH levels suitable for
plant growth. At pH 7, approximately 1% of boric acid (BA) is in the dissociated
form, leading some researchers to assume that neutral BA is the form in which B is
predominantly absorbed by plant roots (Oertli and Grgurevic, 1975; Tisdale et al.,
1985). The possibility remains, however, that B is taken up as the conjugate base
of boric acid, the borate anion (BT), and that BA subsequently dissociates to restore
the acid/base equilibrium. The mechanism of B uptake by plants has not been fully
elucidated but appears to be a passive process, occurring via mass flow to the root
surface (Gupta et al., 1985; Tisdale et al., 1985).

Boron deficiency symptoms are most frequently encountered in the
Leguminosae, most notably alfalfa, and in root and vegetable crops such as sugar

beet, rutabaga, cauliflower, and other members of the Brassicae (Gupta, 1979;
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Tisdale et al., 1985). Soil solution B levels that are adequate for these crops with

high B requirements may be toxic for B sensitive crops such as small grains, beans,
and peas (Tisdale et al., 1985).

Because B is immobile in plants, B deficiency affects the youngest
growing parts of the plant first. Some of the observed effects of B deficiency
include: slowdown of root extension, inhibition of cell division, abnormal cell wall
thickening, accumulation of callose in conducting tissue, increased production of
indole acetic acid, and browning of tissue as a result of accumulation of
polyphenolic compounds (Gupta, 1979). Lee and Aranoff (1967) found that B
forms complexes with 6-phosphogluconic acid, preventing excessive synthesis of
phenolic acids which accumulate in B-deficient plants. Rajartnam et al. (1971)
discovered that B-deficient oil palms were completely devoid of the normally
present leucoanthocyanin phytohormones well before the onset of other pathological
symptoms. This finding is consistent with the otherwise anomalous situation that B
is essential for higher plants but not for animals, microorganisms or lower plants
(Greulach, 1973; Tisdale et al., 1985).

Boron toxicity symptoms are quite. similar for most plant species,
consisting of marginal and tip chlorosis on foliage followed quickly by necrosis
(Gupta, 1979). Symptoms typically appear first on older leaf tissues (Gupta et al.,
1985). Few virgin soils contain enough soluble B to cause B toxicity injury.

Boron toxicity arises most frequently on croplands from use of irrigation water with
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elevated B levels resulting from repeated' leaching and evapotranspiration cycles
(Gupta et al., 1985).

Due to the aforementioned adverse effects on plant tissues, both B
deficiency and B toxicity may result in reduction of crop yield and/or crop quality

and economic losses to the producer (Gupta et al., 1985).

1.2 Boron Geochemistry

Boron is the fifth element in the periodic table. It is the only electron-
deficient nonmetal and as such has a great affinity for oxygen and, in fact, always
occurs covalently bonded to oxygen in the natural state (Smith, 1985). Generally
the crystalline structure of B compounds in the regolith is analogous to that of the
silicates with the exception that B occurs not only in four-fold tetrahedral
coordination with oxygen but also in three-fold trigonal coordination as well
(Heller, 1986). Crystalline orthoboric acid forms a monoclinic structure consisting
of sheets of coplanar B(OH), molecules linked by hydrogen bonds. The sheets are
in turn weakly held together by van der Waals forces (Smith, 1985).

The most commonly encountered B containing mineral in soils and
sediments is the boron-silicate, tourmaline, which is very resistant to both chemical
and physical weathering. Tourmaline would therefore not be expected to contribute
significantly to labile-B forms in the soil solution (Gupta, 1979; Stubican and Roy,

1962). Other common B minerals are the Na-borates, kernite and borax, which
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often occur together in evaporite deposits. Borax is mined extensively and has
many commercial and industrial uses (Klein and Hurlbut, 1985).

Boron occurs in solution predominantly as boric acid (B(OH),), which is
a Lewis acid rather than a Bronsted acid (Edwards and Ross, 1960). Boric acid in
dilute aqueous solution (i.e., < 0.05 mol L™) hydrolyzes to form the metaboric or
borate anion (B(OH),”) at pH > 7 with the pK, = 9.24 for the hydrolysis reaction.
At BA concentrations greater than 0.05 mol L™, various polyborate species will
form in addition to the monomeric species (Bassett, 1980). Ingri and coworkers
(1957) performed acid/base titrations on borate solutions adjusted to 3.0 mol L~
ionic strength with NaClO, and proposed the existence of several polyanionic B
species, the most prevalent being a monovalent trimer. Confirmation of three of
these species was provided by Maeda et al. {1979) and Maya (1976) using Raman
spectroscopy. Observed frequencies were ascribed to the B;O4(OH),", B,O,(OH),",
and B,O,(OH),> polyborate species. Spessard (1970) explained his BA-metaborate
titration data by assuming the presence of the three aforementioned polyborate
species as well as an additional B;O,(OH)s*" solution species. Formation constants
were calculated for all proposed aqueous polymeric species and again the
monovalent trimer was found to predominate. The potentiometric data of Mesmer
et al. (1972) indicated the presence of a dimer, B,(OH),", in addition to the
previously mentioned species. Several authors (Momii and Nachtrieb, 1967;

Salentine, 1983; Smith and Wiersema, 1972) have shown through 'B-NMR
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spectroscopy that the trimeric species is the most significant of the aqueous

polyborates.

1.3 Boron in soils

Boron is partitioned in soils amongst four forms: B in the soil solution,
B incorporated in silicate mineral structures, B associated with clay mineral and
sesquioxide surfaces, and organically combined B.

Boron has a valence of 3* and can assume either tetrahedral or trigonal
coordination with oxygen, allowing it to substitute for AI* or Si* in various
minerals (Fleming, 1980). Stubican and Roy (1962) successfully synthesized B-
muscovite, B-saponite, and B-phlogopite under laboratory conditions in the absence
of AI**. The B* readily substituted for the Si** in the tetrahedral layers. The
extent of substitution was greater in the micas than in the saponites.

Adsorbed B plays a pivotal role in controlling plant-available B in that
the amount of B in solution is largely determined by the equilibrium between
adsorbed-B and solution-B. Organically combined B, either as inanimate organic-B
complexes or biotically incorporated B, can also exert a sizable influence on
dissolved B concentrations as it is assimilated or released (Naftel, 1937; Parks and
White, 1952). .

A number of soil factors have been shown to influence the amount of B

in the soil solution including: type of clay minerals present, various metal oxides
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and hydroxides, humic materials, soil pH and liming, soil texture, cations present,
anions present, wetting and drying cycles, and soil moisture content.

Several soil minerals have been demonstrated to adsorb B in varying
amounts. Rhoades et al. (1970) studied B adsorption on two orthosilicate minerals,
six chain silicates, seven framework silicates, and six layer silicates. The authors
found that all minerals tested, with the exception of two of the framework silicates,
adsorbed B to a measurable extent. The layer silicates tested were chlorite,
phlogopite, talc, muscovite, vermiculite, and biotite with chlorite adsorbing the most
B and vermiculite the least. Boron adsorption has been documented for kaolinite
(Goldberg and Glaubig, 1986b; Hingston, 1964; Mattigod et al., 1985; Parks and
White, 1952; Sims and Bingham, 1967), bentonite (Keren and Talpaz, 1984; Parks
and Shaw, 1941; Parks and White, 1952), montmorillonite (Goldberg and Glaubig,
1986b; Keren and Gast, 1981; Keren et al., 1981; Keren and Talpaz, 1984),
vermiculite and hydrobiotite (Sims and Bingham, 1967) and calcite (Goldberg and
Forster, 1991). Fleet (1965), Harder (1961), Hingston (1964), and Keren and
Mezumen (1981) compared B adsorption on illite, montmorillonite, and kaolinite.
Illite was found to be the most reactive in all four studies; however, only Hingston
(1964) found that montmorillonite was the least reactive.

Various metal oxides have been shown to be very effective in adsorbing
B from the soil solution. In a comparison of Al-oxides with Fe-oxides, Sims and

Bingham (1968a) found that Al-oxides removed nearly an order of magnitude more






