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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
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B from solution than Fe-oxides on a weight basis. The authors also studied B
adsorption on freshly precipitated Al- and Fe-oxides vs. the same oxides after
aging. The more crystalline aged oxides adsorbed substantially less B than did the
freshly precipitated oxides. These same results were later substantiated by
Goldberg and Glaubig (1985) and McPhail et al. (1972). In their survey of six Al-
oxides and five Fe-oxides, Goldberg and Glaubig (1985) found that all but two of
the Al-oxides studied, gibbsite and a-alumina, adsorbed substantial quantities of B.
Magnesium hydroxide has also been shown to adsorb quantities of B comparable to
other sesquioxides by Rhoades and coworkers (1970). The authors found that arid
zone soils can have appreciable adsorption of B in the sand and silt size fractions
and that the sites of adsorption appear to be on Mg-hydroxy coatings on weathered
surfaces of ferromagnesian minerals. The frequent occurrence of these various
metal oxides as coatings on mineral surfaces results in a physicochemical influence
far in excess of what their contribution to the total soil mass would suggest due to
their highly reactive nature and great surface exposure (Hatcher et al., 1967; Sims
and Bingham, 1968b). Oxides and oxide coatings may therefore be the most

important components in controlling B availability when present in soils.

1.4 Boron in Fly Ash
Boron is frequently found as a major component of fly ash, a waste
material generated by coal burning and smelting operations. The disposal of fly ash

has an increasing concern in the United States and throughout the world, mainly
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due to a shift toward heavier dependence on coal as a source of energy for
generation of electricity. Fly ash is that portion of the products of coal combustion
or smelting processes that enters the flue gas stream (Adriaho et al., 1980). Coal-
fired electricity generating facilities located in the United States currently remove
>99% of the particulates from the flue gas stream before emission into the
atmosphere. Several billion tons of coal ash residue are generated each year in the
United States with up to 20% being utilized in the making of cements and as a soil
stabilizer. The remainder is currently being stockpiled as excess waste (Chang et
al., 1977).

Coal combustion residues consist primarily of amorphous iron and
aluminum silicates, with smaller quantities of Ca, Mg, K, Na and sulfur oxides
(Chang et al., 1977). The type of coal consumed in the combustion process affects
the composition of the coal ash. Ash residues from coal deposits of the western
United States tend to have higher B levels than those mined in midwest and eastern
states (Adriano et al., 1980).

As an alternative to stockpiling coal combustion waste materials, fly ash
appears to have some utility as an amendment‘for soils or greenhouse growth
media. Its principal benefit is as a micronutrient source since it contains
appreciable quantities of several micronutrients, including B. However, the
excessive B content of fly ash is most frequently the limiting factor in determining

the amount of fly ash that can be safely applied to a growth medium (Adriano et
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al., 1980). Leaching of B from the fly ash prior to its use as an amendment can
lessen the likelihood of B phytotoxicity. Pagenkopf and Connolly (1982) have
shown that adsorption of B by Fe-, Al- and Si-oxides is the most important process

controlling the release of B during leaching of fly ash deposits.

1.5 Boron in Organic Complexes

Several researchers have found that humic substances in soils are very
influential in B adsorption. Evans (1983) found that, of several soil properties
studied, including soil mineralogy, B adsorption was best correlated with organic
matter content in sandy soils of the Mid-Atlantic Coastal Plain. Yermiyaho et al.
(1988) found B adsorption was more extensive on composied organic matter than
on clays when expressed on an equivalent weight basis. Parks and Shaw (1941)
saw significant B adsorption on electrodialyzed samples of humic material. Parks
and White (1952) tested B adsorption on humic materials extracted with two
different reagents, Na-pyrophosphate and Na,CO,/NaHCO,, and saturated with two
different cations, H* and Ca*. Hydrogen ion saturated humus adsorbed
approximately twice the amount of B adsorbed by Ca-saturated humus, while
humus extracted with Na-pyrophosphate adsorbed 15 to 30 times more B than did
humus extracted with Na,CO,/NaHCO,. The authors offered no explanation for this
phenomenon, although humic acids extracted with pyrophosphate usually contain Fe

and Al as contaminants (Stevenson, 1982).
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Boron reaction studies have been conducted with isolated organic
compounds, some of which are known to be common products of decomposition in
soils. One of the earliest attempts to characterize reactions between B and organic
compounds was the exhaustive work of Boeseken (1949) in which BA was used to
identify the structures of various cyclic and non-cyclic polyhydroxy species.
Reaction of the various compounds with BA was indicated by increases in
conductivity due to the production of protons following complexation. It was found
that the non-cyclic diols without adjacent hydroxyls cannot form cyclic complexes
with BA. It was also determined that simple 1,2-glycols have their hydroxyl groups
positioned unfavorably due to their mutual repulsion and ability to rotate freely
around the bond connecting the two carbon atoms. In compounds with more than
two adjacent hydroxyls, however, the mutual repulsion no longer allows them to be
oriented 180° apart. In fact, the favorableness of hydroxyl orientation will increase
with increasing numbers of adjacent hydroxyls, enhancing their reactivity with BA.

In the case of aromatic polyols, the hydroxyls will be held in the plane
of the benzene ring and the reaction of BA with the hydroxyls can only be expected
in the case of o-dihydroxybenzenes and not for m- and p-dihydroxybenzenes.
Alicyclic compounds with five-membered rings, having their carbon atoms situated
approximately in one plane, are disposed to reaction with BA only when the
hydroxyls are located in a cis- arrangement, the trans- configuration being

unfavorable. Six-membered ring alicyclic compounds do not have their ring carbon
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atoms in one plane but are oscillating continuously around a certain equilibrium
position so that neither configuration is more favorable. Cis- isomers of o-hydroxy
acids, with their hydroxyl and carboxyl groups fixed on the same side of the plane
of the benzene ring, have a positive effect on the conductivity of BA solutions
indicating B complex formation. However, trans- isomers have no effect.

Oertel (1972) obtained Raman spectra for BT reacted with 1,2-
propanediol, 1,3-butanediol, and 1,2,3-propanetriol which revealed that B remained
four-coordinate in the reaction products. No features attributable to three-
coordinate B appeared. Through quantitative Raman intensity studies in the
monoborate-1,2-ethanediol system, it was established that both 1:1 and 2:1 (diol:B)
complexes exist in solution. Pasdeloup and Brisson (1981) studied aqueous BA-
catechol solutions by means of "'B, 'H, and C NMR over wide ranges of pH and
concentration and the presence of 1:1 and 2:1 (catechol:B) complexes were
indicated. In aqueous media at pH 11 where the borate ion should predominate,
Yoshino et al. (1979) identified 'B NMR signals for both the 1:1 and 2:1
catechol:B complexes. However, solutions of L-dopa and B exhibited only the
signals for the 1:1 complex, despite their structural similarity. Van Duin et al.
(1985), in a survey of 25 polyols and polyhydroxycarboxylates by ''B NMR, found
all but two formed mono- and di-esters with borate. The remaining two, all-cis-
cyclohexane-1,2,5-triol and epi-inositol, formed only tri-esters with the borate

anion. Association constants for all species were determined and empirical rules
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for predicting the stability of the borate esters in aqueous solution were proposed.
The order of stability suggested by the results was: tridentate > bidentate >
monodentate. Makkee et al. (1985) studied borate ester formation with D-mannitol,
D-glucitol, D-fructose, and D-glucose using both "B and BC NMR. At high
B:carboxylate ratios, mono-, di-, and sometimes tri-borate esters are formed. The
stability of the esters depends on the favorableness of location of hydroxyls on the
polyols and the flexibility of the carbon backbone of the diol.

Pizer and Babcock (1977) studied the complexation reaction mechanism
between BA and catechol and substituted catechols using temperature-jump
relaxation kinetic measurements. The study was conducted at a pH of
approximately 4 and at BA concentrations of 0.1 mol L™ or less to eliminate
polyborate formation. Relaxations detected in B-catechol solutions were not
detected in this concentration range for BA solutions without catechol. Relaxation
time analysis indicated an addition-substitution type reaction mechanism, viz., one
ligand donor occupies a previously vacant site on BA and one displaces an OH" at
another site. Both ligand protons are displaced during the reaction as well.

Titration results indicated the formation of only 1:1 complexes.

1.6 Soil Properties and Boron Availability
Of the many soil properties which affect B adsorption and soil fixation,
pH has been the most widely studied (Bingham and Page, 1971; Goldberg and

Forster, 1991; Goldberg and Glaubig, 1985; 1986b; Keren and Gast, 1981; Keren et
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al., 1981; McPhail et al., 1972; Mezumen and Keren, 1981; Parks and Shaw, 1941;

Sims and Bingham, 1967). In all cases, B adsorption increased with pH to a
maximum between pH 8 and 9 and then decreased with increasing pH. This
observation has been ascribed to differences in the B species adsorbed at a given
pH, and to changes in the surface functional groups of the adsorbent (Hingston,
1964). The increase in B adsorption as pH increases below pH 8-9 may be in
response to changes on the surface of the adsorbent favoring the formation of more
adsorption sites. This is indicated by an increase in the maximum adsorption
constant obtained from the Langmuir equation as pH is increased to pH 8-9. At
pH<7, the neutral BA molecule is prevalent and may be the dominant adsorbed
species, whereas, at pH>7, the BT anion increases in concentration and may be
adsorbed preferentially. At pH above 8-9, the decrease in B adsorption with
increasing pH may be due to the increase in competitiveness of OH™ relative to the
BT anion.

Soil texture, particle size and resultant surface area also control the
extent of reaction of B with soil components (Elrashidi and O’Connor, 1982;
Goldberg and Glaubig, 1986a; Hatcher and Bower, 1958; Hatcher et al., 1967;
Mezumen and Keren, 1981; Singh, 1964). Couch and Grim (1968) found that
surface area determined the amount of B adsorbed by three illitic minerals. On a
per weight basis, all three adsorbed dissimilar amounts of B; however, when

compared on a surface area basis, the illites adsorbed remarkably similar amounts.
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Evans (1983) found the total amount of B sorbed was highly correlated to the

amount of clay present in sandy Coastal Plain soils of the Mid-Atlantic region.
Keren and Talpaz (1984) studied the effect of particle size oﬁ the adsorption
behavior of B on Na- and Ca-montmorillonite at two pH ranges (7.4-7.7 and 8.6-
8.9). The clay suspensions were divided into two identical parts and one part was
treated with an ultrasonic disintegrator to reduce the particle size. Transmission
electron micrographs (TEM) were obtained to substantiate reduction in particle size.
This reduction in particle size should result in increases in surface area on the
broken edges of the clay particles only. In both cation systems, smaller clay
particles adsorbed more B than the untreated clay suspensions.

There is evidence to suggest that the exchangeable cations present also
influence the extent of B adsorption. Hadas and Hagin (1972) compared B
adsorption on two soils with and without K* saturation. In both cases, the K-
saturated soils adsorbed more B than the untreated soils. Parks and White (1952)
saturated fine clay fractions of Wyoming bentonite and kaolinite with H*, Ca®,
Mg*, K*, and NH," to assess their effects on B adsorption. All clay fractions were
subjected to both a wet and dry treatment. Thé wet treatment consisted of shaking
the clay suspensions periodically over 48 h. The dry treatment consisted of drying
the suspension at 50 °C after shaking the suspension for the same 48 h period as
the wet treatment. The dried suspension residue was then rewetted with distilled

water and allowed to rehydrate for 24 h after which the B in solution was
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determined. No B was adsorbed by the ﬁ*-sanuated clays subjected to the wet
treatment, while, except for the NH,*-saturated bentonite, the base saturated wet
clays fixed large amounts of B. In the dried systems, however, the H*-saturated
bentonite fixed amounts similar to the bentonite saturated with the other cations.
Without exception, the dried clay suspensions adsorbed more B than did the
undried suspensions.

Sims and Bingham (1967) compared B adsorption on Na- and K-
saturated vermiculite, kaolinite, hydrobiotite, and montmorillonite. Reduction of
interlayer spacing in the K-saturated vermiculite, as evidenced by X-ray analysis,
resulted in a decrease in B fixed. Little effect of cation saturation was seen in the
non-expanding kaolinite. When sesquioxides were extracted from the expandable
montmorillonite and hydrobiotite prior to B addition, cation saturation had little
effect on B adsorption, suggesting that access to interlayer sesquioxide coatings was
the overriding factor in B fixation. Keren and Talpaz (1984) found greater B
adsorbed on Ca-montmorillonite than on the Na- form in the pH range of 7.4 to
8.9. This was attributed to the greater repulsion of BT anions by the negatively
charged Na-montmorillonite surfaces. This would result from the greater exposure
of permanently charged negative planar surfaces of the Na-montmorillonite due to
its occurrence as single platelets. Less planar surface and permanent negative
charge is exposed in the Ca-montmorillonite since it occurs as tactoids which

consist of several clay platelets stacked together.
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Adsorption of B is believed to be specific in nature, occurring by ligand
exchange with surface hydroxyl groups on broken edges of clays irrespective of the
sign of the net surface charge (Hingston et al., 1972). Nonetheless, greater

repulsion of the borate anion should result as more negative surface charge is

exposed, thus decreasing the amount of B adsorbed .

The effect of liming of soils on B adsorption can be directly attributed
to exchangeable cations. Several early studies of plant response to B fertility and
liming status concluded that plant injury resulted from B deficiency caused by
overliming (Cook and Millar, 1939; Jones and Scarseth, 1944). Naftel (1937)
suggested a relationship between liming and increased microbial activity which
would result in the biological fixation of available B. This was later discounted by
Midgley and Dunklee (1939) who tested B availability before and after sterilization
of the soil. No difference in B availability was observed, indicating biological
incorporation was not a factor. Parks and Shaw (1941) cited two reasons for the
reduction in B availability, both the formation of insoluble precipitates of Ca with
B as well as the effect of pH on B fixation by aluminosilicates. Goldberg and
Forster (1991) have shown that B adsorption on calcite particles could at least
partially explain this phenomenon. Mattigod et al. (1985) suggested B retention on
kaolinite was enhanced in the presence of Ca® is due to the adsorption of the

CaB(OH),* ion-pair.
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Soils subjected to various wetting and drying cycles may fix greater
amounts of B irreversibly. Biggar and Fireman (1960) showed that an increase in
the Langmuir maximum adsorption capacity value, as well as in bonding energy
between the soil and B, resulted from wetting and drying following the adsorption
of B. Parks and White (1952) found that an increase in the number of drying
cycles increased the amount of B fixed i)y kaolinite but that B fixed by bentonite
actually decreased slightly after the fourth drying cycle. Keren and Gast (1981)
demonstrated that drying of the soil prior to B adsorption had no effect on the
amount adsorbed, yet drying of the soil after B adsorption significantly reduced the
desorbability of B. Keren and Bingham (1985) suggested that formation and
adsorption of polyborate species as moisture content decreases and B concentration
in the soil solution increases could explain this phenomenon. These polyborates
may have a greater affinity for the adsorption sites than BA. Mezumen and Keren
(1981) contend that solution:soil ratios, as expressed by adsorption parameters such
as maximum B adsorption (per unit mass of adsorbent) and affinity coefficients, do
not affect the B/soil interaction, at least in the range of ratios tested by the authors
(1:2 to 12:1). The increased B fixation with drying is apparently unrelated to the
volume of solution per unit mass of soil.

Parks and Shaw (1941) explored the possibility that a precipitation
mechanism could explain B removal from the soil solution. Aqueous solutions

containing Ca®*, AI**, and B produced large amounts of precipitate indicating
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fixation is at least partially due to the inclusion of B in a Ca-Al complex. In
aqueous solutions of Ca*, Si**, and B, Ca** had the effect of reducing B removal
from solution at low pH but enhanced B removal at high pH. In aqueous solutions
containing Ca**, AI**, Si*, and B, all the original B in solution was fixed in a hot-
water insoluble form.

The ability of other anions to compete for B adsorption sites has been
studied by various researchers. Goldberg and Glaubig (1988) studied simultaneous
adsorption of silicon (Si) and B on alon, an aluminum oxide and found a slight but
significant reduction in B adsorption when compared to B sorption in the absence
of Si. This indicated that some sites could adsorb both Si and B. The possibility
exists that adsorbed Si forms new adsorption sites with reduced affinity for B
relative to those on the clean alumina. Silicon adsorption was not significantly
affected by the presence of B. McPhail et al. (1972) found that silicic acid, when
adsorbed to freshly precipitated Fe- and Al-oxides, substantially reduced subsequent
B adsorption. Bingham and Page (1971) tested B adsorpiion on hydrous oxides of
Fe and Al in the presence of SO,*", PO,*, and monosilicic acid. Neither SO,>" nor
PO,* had any bearing on the amount of B adsorbed while the monosilicic acid
caused only a mild reduction in B adsorbed by the oxides, indicating a specificity
of sites for B. The results of Bloesch et al. (1987) indicated that PO,*" decreased B

adsorption on goethite in the range of pH 5.2 to 10.6, indicating competition for
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surface sites. Sulfate effects on B adsorption were less than what was observed

with PO,* and B adsorption was reduced only below pH 7.

1.7 Mathematical Models for Boron Adsorption Reactions

Various models have been employed in describing the adsorption
behavior of B in soils, the most frequently used being the Langmuir adsorption
isotherm (Bingham et al., 1971; Elrashidi and O’Connor, 1982; Goldberg and
Forster, 1991; Goldberg and Glaubig, 1986a; Hingston, 1964; McPhail et al., 1972;
Rhoades et al., 1970; Singh, 1964).

The Langmuir model was developed from studies of gas adsorption on
solid surfaces. Many of the assumptions inherent in its development therefore do
not apply to the adsorption of ions at the solid/liquid interface. One of these
assumptions in particular, that the energy of interaction between the adsorptive and
adsorbent is constant over the entire range of surface coverage, is certainly not
applicable to specific adsorption of ions on variable-charged mineral surfaces. The
electrostatic interaction between the adsorptive and the surface of the adsorbent
changes as the charge on the colloidal surface is altered by the adsorption process.

Several of the aforementioned studies used the Langmuir model to infer
mechanisms of B adsorption (Biggar and Fireman, 1960; Hadas and Hagin, 1972;
Hatcher and Bower, 1958; Hingston, 1964; Okazaki and Chao, 1968). Deviations
from linearity of isotherm plots at higher equilibrium B concentrations were

interpreted as indicative of more than one type of reaction or site of reaction. The
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possibility of concurrent B precipitation and adsorption was also suggested in light
of the work of Parks and Shaw (1941) (Biggar and Fireman, 1960). However,
adsorption isotherm data applied to the Langmuir model should not be used to infer
reaction mechanisms (White and Zelazny, 1986), particularly for specific adsorption
reactions of ionic species on charged surfaces.

The Freundlich equation has been widely used to describe B adsorption
behavior (Elrashidi and O’Connor, 1982; Goldberg and Forster, 1991; Goldberg and
Glaubig, 1986a). Both the Langmuir and Freundlich equations adequately described
B adsorption on calcareous soils and reference calcites (0.1 to 23 mol m™ initial B)
from pH 5.5-12.0 (Goldberg and Forster, 1991). Elrashidi and O’Connor (1982)
found deviations from linearity at high B concentrations in the Langmuir treatment
of their B adsorption data for 10 soils from New Mexico. The Freundlich equation,
however, successfully described the B adsorption data over the entire concentration
range tested (0-9 mol m™ initial B). Two mechanisms of B adsorption, reversible
and hysteretic, were inferred from the adsorption/desorption data. However, the
Freundlich equation suffers from many of the same deficiencies as the Langmuir
model in its applicability to soil systems as weil as in its ability to convey
mechanistic information. Furthermore, since the parameters describing maximum B
adsorption and strength of binding change with pH and equilibrium B
concentration, both models are incapable of describing B adsorption under changing

conditions of soil acidity and B activity.
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Singh (1964) found that probiems encountered when using the Langmuir

model to describe B adsorption at high B concentrations could be avoided by using
the BET equation, a model which was also originally developed to describe
adsorption of gases onto solid surfaces. Multilayer coverage is assumed in the
development of the model (Hair, 1967). When the entire range of equilibrium B
concentrations was considered, the B adsorption data could be closely described by
the resultant quadratic curve. Singh (1964) apparently did not test the ability of the
BET equation to describe B adsorption under conditions of varying pH.

The use of a phenomenological equation developed by Keren and
coworkers was successful in predicting B adsorption behavior over a wide range of
soil acidity and solution B levels (Keren et al., 1981; Mezumen and Keren, 1681).
It also allows for the possibility that two solution species, BA and BT, having
different affinities for the solid surface, are competing for the same surface sites
and that their relative concentrations vary with pH. The equation offers the same
benefits as the Langmuir and Freundlich equations in that it includes parameters
indicating maximum B adsorption and affinity of the various adsorptive species for
the adsorbent. An affinity coefficient accounting for the competition of solution
OH- for surface sites is also included. The equation offers an added advantage in
that it is able to relate total adsorbed B to total B present in the suspension. It can
also be rearranged to describe B adsorption under conditions of varying solution-to-

solid ratios.
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In their study of B adsorption on kaolinite, montmorillonite, and illite,
Keren and Mezumen (1981) concluded that the water content of the clay
suspensions did not affect the B/surface interaction. This was indicated by the
invariability of the adsorptive affinity coefficients with changes in solution-to-solid
ratios. Keren and Talpaz (1984) found insignificant variation in affinity coefficients
with changes in particle size, indicating the equation could accurately predict B
adsorption with changes in texture. Boron adsorption maxima for the
montmorillonite and illite were very similar despite the much greater surface area
measured for the montmorillonite. The two minerals have similar edge surface
areas exposed, however, indicating that edges of the minerals may be significant in
B adsorption. Increases in both ionic strength and pH did not decrease the B
adsorption maxima, although both would bring about increases in negative charge
on the amphoteric edge surfaces, increasing repulsion of the BT anion. Ligand
exchange would thus appear to be an important B adsorption mechanism.

The constant capacitance model, developed by Stumm and coworkers,
(1980) has been used with some success to model B/surface interactions (Goldberg
and Glaubig, 1988). This model of the solid/liquid interface in aqueous suspensions
explicitly defines surface adsorbed species and addresses the effect of pH on
adsorption. The model is based on the premise that all surface complexes,
including those with protons and hydroxyls, are of the ligand exchange variety and

are situated in the same plane of adsorption. The possibility of surface complexes



24

with ions of the background electrolyte is not considered. A linear relationship
between surface charge and electrical potential at the plane of adsorption is
assumed. A computer program (e.g., the FITEQL program (Westall, 1982)) is used
to fit intrinsic surface complexation constants to the experimental data.

The constant capacitance model was successful in describing B
adsorption behavior on several Fe- and Al-oxides throughout the pH range of 4 to
11 by adjusting only one parameter, the B surface complexation constant (Goldberg
and Glaubig, 1985). These same authors used the constant capacitance model to
simulate B adsorption on 15 arid-zone soils (Goldberg and Glaubig, 1986a). The
model described B adsorption on the majority of the soils within the pH range 5.5
to 11.5, using a set of surface complexation constants averaged over all 15 soils. In
each application of the model to B adsorption, the authors assumed that BA is the
only B solution species adsorbed and only neutral OH sites participate in the ligand
exchange, with water the leaving ligand. Since this reaction mechanism involves
no charged species, surface charge has no effect on the adsorption process.
Because the model does not consider adsorptioﬁ of the background electrolyte, the
B adsorption constant is only valid for a given ionic strength.

The triple layer model (Hayes and Leckie, 1987) has also been used to
model B adsorpiion behavior. Singh and Mattigod (1992) used this model to
describe B adsorption on kaolinite in the pH range of 6.0 to 10.5 at constant ionic

strength (0.01 mol L™), with either Ca(ClO,), or KCIO, as the background
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electrolyte. In the Ca* system, B was assumed to adsorb as BA or BT, as well as
Ca”*-B ion-pairs. An intrinsic equilibrium constant, valid over a range of
background electrolyte concentrations, is the primary advantage of the triple layer
model over the constant capacitance model. This version of the triple layer model
(Hayes and Leckie, 1988) assumes that the adsorptive may form both inner- and
outer-sphere coordination complexes with the surface, a more realistic assumption
considering that the specifically adsorbed ion is also a component of the electric
double layer (EDL). An inner-sphere complex results from adsorption at the
surface by ligand exchange. An outer-sphere complex is an ion-pair type complex
between the surface and the adsorbate, with the adsorbate retaining its water of
hydration. The authors assumed that adsorbed B could form any of six surface
species in the presence of Ca**: adsorbed BA, monodentate adsorbed BT, bidentate
adsorbed BT, adsorbed Ca*-BA ion-pair, adsorbed Ca**-BT ion-pair, and bidentate
adsorbed Ca**-BT ion-pair. The FITEQL program was used to simultaneously
optimize these six equilibrium constants.

Bloesch et al. (1987) were successful in modeling B adsorption on
goethite using the model of Bowden et al. (1980). This model is similar to the
constant capacitance model and the triple layer model in that it is an adaptation of
the Stern EDL model. Like the triple layer model, three planes of adsorption are
considered; however, the plane of specific adsorption of B is at some small distance

from the surface, where OH™ and H* are adsorbed. The authors assumed that B
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could adsorb as one of four solution B species including: BT, B,O,(OH),",
B,O,(OH),*, and B,O4(OH),", but was adsorbed predominantly as BT. The

adsorption of BA was not considered.

1.8 Kinetics of Boron Adsorption/Desorption

At this time, the kinetics of B reactions in soils have not been
extensively studied. Most of the kinetic information currently available pertains to
B desorption and release. What is particularly lacking is kinetic information
pertaining to B reactions with Fe- and Al-oxide materials, which are often the soil
components most reactive with B.

The few kinetic studies reporting the rates associated with B adsorption
phenomena that have appeared in the literature have utilized methods which
measure relatively slow processes. It is likely that the reaction step, whereby the B
solution species bonds to a surface site of a soil colloid, is far too rapid to be
monitored by the techniques thus far employed. Surface complexation reactions
involving ligand exchange are typically very rapid, with reaction times of a few
seconds or less.

The rates of B desorption from four California desert soils with high
native B levels were studied using a batch tetchnique with a large excess of
mannitol in the desorptive solution to create pseudo-first order conditions (Griffin
and Burau, 1974). It was assumed that diffusion was not rate-limiting since the

reaction vessels were shaken continuously throughout the experiments. For each

-
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soil, pseudo first-order treatment of the data yielded three distinct linear regions
which were interpreted as evidence of three separate B-desorption reactions. The
rates of B dissolution from borax and BA were also measured and found to be
much faster than the rates measured for B release from the four soils. The authors
proposed that the two fastest B release rates were due to desorption from surfaces
of soil hydroxy compounds. Two of the observed rates were ascribed to desorption
from similar surface sites with two different crystal field exposures. The third
slowest rate was attributed to diffusion of B from tetrahedral positions in the crystal
lattice of clay minerals. However, no sample agitation rates were reported, nor
surface area determinations made before and after the desorption measurements, and
it is not known what effect, if any, particle abrasion may have had on B release.
Peryea et al. (19852) measured the rates of B release from four
cultivated soils from California which contained B at phytotoxic levels. Their
objective was to compile information which could be used to assess the potential
for re-elevation of B levels in the soil solution following reclamation of B toxic
soils by leaching. A batch technique, using a B specific exchange resin as a sink
for desorbed B, was employed in the kinetic st.udy. In all cases, the B desorption
data were accurately described using an integrated form of the Elovich equation.
The Elovichian treatment of the data proved useful in predicting the rate of B
release to the soil solution for a given soil and degree of reclamation. However,

the physical significance of this equation has not been well established and may be
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essentially no more than a mathematical ‘manipulation of kinetic data (Hingston,
1981).

Use of the Elovich equation to describe one unique mechanism may not
be appropriate since it can be used to describe several unrelated processes (Sparks,
1986). The applicability of the Elovich equation to kinetic data may in fact be
indicative of a diffusion process (Aharoni and Sparks, 1991). Therefore, no
mechanistic inferences regarding B desorption can be made from the study of
Peryea et al. (1985a).

To determine whether B regeneration in the soil solution is due to
dissolution and desorption or to B release from soil pores occluded from the
leachate, Peryea et al. (1985b) compared B and CI” release under both batch and
column flow conditions. Chloride was assumed to be physically retained and
therefore any CI” release after reclamation would be due to release from occluded
pores. Essentially no CI” was recovered from the soils tested after one 48 h batch
extraction period whereas B was recovered continuously throughout 10 batch
extraction periods. Furthermore, following a 30 d regeneration period subsequent to
the 10 batch extractions, an increase in extracted B was found, yet still no CI™ was
detected in the supernatant. In the column study, no ClI” was detected in the
leachate following four pore volume displacements (PVD); however, B remained
detectable after 40 PVD. The columns were allowed a 30 d regeneration period

following the 40 PVD. Similar amounts of B and CI” were found in the first PVD
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of leachate following regeneration. The CI” was reduced to nondetectable levels
with one additional PVD in contrast to the continued detection of B after an
additional 6 PVD. In light of both the batch and column results, it appears that a
dissolution and/or desorption process as well as diffusion from occluded pores
contribute to soil solution B regeneration in previously reclaimed soils. The
methodology chosen by the authors fails to distinguish between a dissolution and a
desorption process, however, and the most fundamental questions regarding B
desorption and regeneration remain unanswered.

The kinetics of B retention in a heavy textured soil and on Fithian illite,
both adjusted to pH 7.8 by addition of CaCO,;, were investigated by equilibration
with BA solutions over periods of up to 6 months (Evans, 1988). At fixed time
intervals, pH and B remaining in the supernatant were determined. An initial fast
reaction followed by a subsequent slow reaction was observed. Both reactions were
adequately described by pseudo-first-order equations. The pH increased over the
length of the equilibration period, suggesting a ligand exchange of B solution
species for surface hydroxyls was taking place. The change in pH alone could not
account for the total amount of B lost from solution, however. Evans (1988)
therefore suggested that the slower reaction rate may be ascribed to diffusion of B
into the tetrahedral sheet of the clay mica structure. Closer examination of the data
would seem to indicate that ligand exchange continues into the slow phase of the B

removal process. The data indicate an increase in pH in the supernatant beyond the
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initial rapid phase of the experiments. The possibility of the formation of an
insoluble B mineral phase is also indicated since the soil solutions were
supersaturated with respect to the Ca-borate mineral, nobleite. Goldberg and
Forster (1991) have shown that B is adsorbed to CaCO, particles as well. The fact
that no definitive reaction mechanisms were established from these experiments is
perhaps a consequence of the batch me£hod chosen for this kinetic study.

Evans (1983) used a variety of kinetic equations to describe B
adsorption and desorption from several sandy soils of the Mid-Atlantic Coastal
Plain. The Elovich equation, the parabolic diffusion law, as well as zero-order,
first-order, and second-order equations were evaluated. Boron reaction rates in the
soils with the greatest sand content were too rapid to be measured using a miscible
displacement technique. In the remainder of the soils, B adsorption and desorption
kinetics were described by the Elovich equation. The absence of discontinuities in
the Elovich plots for all of the soils suggested that only one type of reaction
occurred for both adsorption and desorption (Hingston, 1981). The data for these
soils also conformed to the parabolic diffusion law indicating that the rates of B
adsorption and desorption were diffusion controlled (Boyd et al., 1947). Very little
variation in diffusion rate parameters was found among the various soils for the
forward and reverse processes. This finding indicated that adsorption and
desorption rates may be controlled by the same mechanisms in all the soils tested.

Boron adsorption conformed to first-order kinetics for all of the soils. Boron
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desorption for the majority of the soils also conformed to first-order kinetics.
Desorption for three of the soils did not conform to either zero-, first-, or second-
order kinetics. Attempts to establish a fractional rate law were unsuccessful.

Sharma et al. (1989) studied the rates of B desorption from four salt-
affected soils from India using a batch technique with mannitol as a sink for
desorbed B. Boron desorption kinetics conformed well to the power-function, the
pseudo first-order, and Elovich equations but not to the parabolic diffusion
equation.

The rates and mechanisms of B adsorption reactions with oxide soil
components are still largely unknown. The fact that several different kinetic
models will fit a given set of adsorption data (Evans, 1983; Sharma et al., 1989)
indicates that the kinetic measurements thus far obtained do not pertain to the
chemical kinetics of B adsorption and desorption. Knowledge of B chemical
kinetics and the exact nature of B adsorption mechanisms is essential to accurately

predict the ultimate fate and availability of soil B.

1.9 Spectroscopic Investigations of Boron

Much spectroscopic information has been accumulated from 19B- and
IB_puclear magnetic resonance (NMR) spectroscopy pertaining to B speciation and
polymerization in solution (Momii and Nachtrieb, 1967; Smith and Wiersema,
1972; Epperlein et al., 1975; Janda and Heller, 1979; Salentine, 1983; Balz et al.,

1986). Boron solution species have also been studied using Raman spectroscopy
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(Maya, 1976; Maeda et al., 1979; Oertel, 1972). The polymeric aqueous B species

proposed by Ingri (1962) have been confirmed as a result of these NMR and
Raman studies of B solutions.

The bonding and stereochemistry of B complexation reactions with OH
functional groups of organic compounds have also been well characterized using
NMR spectroscopy (Yoshino et al., 1979; Pasdeloup and Brisson, 1981; Makee et
al., 1985; Van Duin et al., 1985).

Edwards et al. (1955) provided direct evidence through Raman
spectroscopy of the Lewis acid/base relationship of trigonal BA and its hydrolysis
product, tetrahedral BT. Edwards and Ross (1960) surveyed several X-ray and
NMR studies of borate minerals and formulated a set of postulates governing the
structures of hydrated polyborates. They contend that the fundamental unit of
polyanionic B species is a trimeric ring containing both trigonal and tetrahedral B
atoms.

Infrared spectroscopic studies of adsorbed B species, in most cases,
have relied on precipitation of the solid adsorbent in the presence of B rather than
adsorption of B on previously precipitated and stabilized minerals (Beyrouty et al,,
1984; Stubican and Roy, 1962). Infrared spectra obtained from these studies are
therefore subject to interpretation regarding the association of the B with the
surface. Although these authors assumed that B was in the adsorbed state, under

these experimental conditions B may be adsorbed and/or co-precipitated with the
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mineral adsorbent. Volkhin and coworkers (1983) obtained IR spectra of B

adsorbed on stabilized Ni(OH), surfaces which indicated that B(OH); and B,0.%,
from BA and Na,B,0, solutions, respectively, were adsorbed via ligand exchange
and hydrogen bonds.

Direct spectroscopic examination of adsorbed B species on the surfaces
of oxide soil components, obtained from mineral phases precipitated prior to the
adsorption step, would advance considerably our understanding of B fixation

reactions in soils.

1.10 Objectives

One of the most important objectives in choosing a suitable method for
measurement of reaction rates in aqueous colloidal systems is the elimination of
diffusion as the overall rate-limiting step in the reaction (Ogwada and Sparks,
1986). This is an absolute requirement if the rates of actual chemical exchange or
reaction are to be measured, allowing one to determine the mechanism of the
reaction (Sparks, 1986). In the past, the experimental techniques traditionally
employed in kinetic studies of B soil reactions, such as batch techniques (Evans,
1988; Griffin and Burau, 1974; Peryea et al., 1985a; Sharma et al., 1989) and
miscible displacement techniques (Evans, 1983; Peryea et al., 1985b) sought to
minimize transport influences; yet, it is unlikely that transport effects were
completely eliminated. Agitation in batch experiments, and flowing and stirring in

miscible displacement experiments, are used for this purpose. These agitation
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techniques also may have some undesirable side effects such as particle abrasion
and may require unrealistic soil-to-solution ratios (Sparks, 1989). In addition, these
methods are severely limited in their ability to monitor very fast reactions, those

which may reach completion in a minute or less. Because of these experimental

deficiencies, the rates and mechanisms of B adsorption reactions with sesquioxides
have not been determined.

Boron sesquioxide surface complexes have not been analyzed
spectroscopically under natural temperature and moisture conditions. Boron
containing minerals synthesized by co-precipitation of B have been used to infer the
nature of the adsorbed-B surface complex (Stubican and Roy, 1962; Beyrouty et al.,
1984).

The objectives of this study are to measure the rates of B adsorption
and desorption reactions on an aluminum oxide using the pressure-jump chemical
relaxation technique. Chemical relaxation techniques are capable of measuring
reaction kinetics on millisecond time scales, while eliminating liquid transport
effects in the overall reaction process (Sparks, 1989). The chemical kinetics will
thus be measured with this technique, allowing the chemical reaction mechanisms
of B adsorption and desorption to be determined. Additionally, horizontal
attenuated total reflectance Fourier transform infrared (HATR-FTIR) spectra of
adsorbed B in aqueous aluminum oxide suspensions will be obtained as an

independent determination of B surface complexation mechanisms. Attenuated total
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reflectance FTIR spectra can provide an in-situ analysis of adsorbed B in colloidal
oxide suspensions (Zeltner et al., 1986). The results from these studies should
greatly enhance our predictive capabilities regarding B adsorption and release in

soils containing sesquioxide materials.



Chapter 2
PRESSURE-JUMP RELAXATION ANALYSIS OF BORON

ADSORPTION/DESORPTION REACTIONS

2.1 Introduction

2.1.1 Chemical Relaxation Kinetics

Chemical relaxation kinetics refers to the measurement of the
equilibration rates of a chemical system following inducement of chemical
disequilibrium by an external perturbation. Any chemical system at equilibrium,
when perturbed chemically or physically, will respond to that perturbation by
relaxing to a new equilibrium state. The process whereby the chemical system
establishes a new equilibrium position in response to the perturbation can be
monitored as a function of time to yield the fundamental forward and reverse rate
parameters governing the dynamic equilibrium.

The dynamic equilibrium of any chemical system is determined by its
physical and chemical variables of state (Eisenberg and Crothers, 1979). The
chemical parameters which control the equilibrium positioning of a reaction include

36
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the reactant and product concentrations, the activity of other reactant species
providing alternate reaction pathways, if present, and in the case of reactions in
solution or suspension, the nature of the solvent and ionic strength. The physical
parameters which determine the equilibrium positioning include the pressure,
temperature, and in the case of charged, ionic, or dipolar reactant species, the
electric field.

Several advantages are gained in selecting a relaxation technique over
other kinetic techniques. Many reaction rates, particularly those of reactions
involving soil constituents, are too rapid to measure by batch techniques or flow
techniques, the kinetic methods most commonly used to measure reaction rates in
aqueous systems (Sparks and Zhang, 1991). Although several chemical relaxation
techniques are quite suitable for measuring slow reaction rates, their greatest
advantage lies in their ability to measure the rates of extremely rapid reactions.
Virtually all of the currently accepted chemical relaxation techniques are capable of
measuring reaction rates which attain equilibrium in less than a second (Sparks,
1989).

Chemical reactions involving soil solution species, such as ion exchange
or adsorption, generally comprise both diffusion and actual chemical reaction
processes. In the past, most kinetic studies of soil chemical reactions have used
batch and/or flow reactor techniques. In the majority of cases, these kinetic

apparatus have measured the rates of diffusion which precede or follow the actual



38

chemical reactions (Sparks, 1989). Depending on the nature of the adsorbent and
the type of reaction, one of several diffusion events may control the overall rate of
reaction. These may include: diffusion of the adsorptive or desorbed species
through the static hydrodynamic film surrounding the adsorbent particle and
diffusion through the hydrated interlayers of layered adsorbent particles (Sparks,
1986). The slowest of these sequential diffusion and reaction processes will be the
rate-determining step for the overall reaction. Typically one of the diffusion steps
will be rate-determining.

Often the investigator’s primary impetus for obtaining kinetic
information is to determine the mechanisms of a reaction. Under such
circumstances, it is essential that the kinetic method chosen yield rate parameters
which pertain to the chemical reaction alone and not accompanying transport
phenomena (Sparks, 1989). Since relaxation experiments are conducted in a
premixed system, diffusion processes, as well as the time required for mixing, can
be circumvented and the reaction rates that are measured pertain to the chemical
reaction itself (Eisenberg and Crothers, 1979).

Batch and flow techniques require separate experiments to measure the
rates of both forward and reverse reaction processes, such as the adsorption and
desorption of a particular adsorptive. Relaxation experiments yield the kinetic
parameters associated with both the forward and reverse processes from a single set

of experimental resuits.
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Relaxation methods require that only small perturbations be applied, i.e.,
in moving from the perturbed to the relaxed equilibrium state, the change in
concentration of the reactants must be insignificant relative to the initial and final
concentrations. With a small change in reactant concentrations, all higher order
terms in the rate expression become negligible and the rate equations are reduced to
linear relationships (Bernasconi, 1976). This aspect greatly facilitates the kinetic
analysis of complex chemical reaction schemes. For pressure changes on the order
of 10 MPa or less, molar volume changes in aqueous solutions are sufficiently
small to ensure that only small perturbations will result (Takahashi and Alberty,
1969).

Relaxation techniques are capable of revealing the nature of
intermediate steps in multi-step reaction processes, as well as alternate reaction
pathways (Eisenberg and Crothers, 1979). This is only true, however, when the
difference in the relaxation times associated with the individual steps are of such
magnitude that their relaxation spectra can be differentiated from one another. Two
relaxation times can be distinguished from one another if the slower of the two

times is at least twice the faster (Knoche and Strehlow, 1979).

2.1.2 The Pressure-jump Technique
Of the several relaxation techniques available, the pressure-jump (P-

jump) technique is perhaps the one best suited for adsorption reactions involving
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ionic adsorptives in colloidal suspensions.. This technique relies on a sudden
change in pressure to perturb a chemical equilibrium.
The pressure (P) dependence of an equilibrium constant (K) derives

from the thermodynamic relationship

op RT

where AV is the standard molar volume change of the reaction (L), R is the
universal gas constant (8.3144 J K™ mol™), and T is the absolute temperature (K).
The magnitude of the pressure dependence of K is thus largely dependent on AV.
For reactions in solution, AV is most pronounced when a concentration change of
jonic species results; whereas, the AV for a reaction involving only nonionic
solution species may be so small as to yield an immeasurable relaxation effect.

The large molar volume change associated with changes in ionic makeup of
solutions results from electrostriction effects on the solvent structure (Takahashi and
Alberty, 1969).

Several detection methods are acceptable for measuring reactant
concentration changes following a P-jump, including conductometry,
spectrophotometry, fluorimetry, and polarimetry. The principal detector
requirement is that the time interval for reactant concentration measurement be
substantially shorter than the time required for equilibration, such that the

exponential decay of the equilibrium imbalance can be sampled repeatedly.
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Colorimetric measurements can be used but are generally less useful since the time
for formation of the color producing species is often too slow to allow sufficiently
rapid sampling. Since the P-jump method is best suited for reactions of ionic

species in solution, conductivity detection provides a sensitive monitoring tool and

is most often utilized.

2.1.3 Pressure-jump Studies in Colloidal Systems

Pressure-jump reaction rate measurements in colloidal suspensions are
subject to other experimental constraints in addition to those of solutions. The
integral task of a P-jump experiment entails evaluating the variation in the
relaxation time as equilibrium reactant concentrations are varied. The relaxation
time (7) is defined as the time required for the difference between the initial and
final equilibrium reactant concentrations to decrease to a value e~ of its initial
value, where e is the base of the natural logarithm.

In compiling the data necessary to complete a P-jump study, several
relaxations must be recorded for each sample, since the precision in calculated
relaxation times is greatly enhanced by signal-averaging. Signal-averaging
increases signal-to-noise ratios of relaxation amplitude measurements by a factor of
N where N is the number of superimposed relaxations (Krizan and Strehlow,
1974). Therefore, the maintenance of a stable suspension throughout the data
collection period is of critical importance to the success of the experiments. As

colloidal particles settle in an unstable suspension, the active concentration of one
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or more of the reactants in an adsorption process (i.., the adsorption sites) will
vary. Since the relaxation time is dependent on the reactant concentrations, this
will result in an uncontrolled variation in the relaxation time measured.

In a typical P-jump study, even for reactions which equilibrate in less
than a second, several minutes are required between repeat measurements. Turn
around time is largely determined by the time required for transfer of digitized data
to a computer, visual inspection of the relaxation spectrum on an oscilloscope or
computer screen, and adjustment of the Wheatstone bridge for the next
measurement. Signal-averaging of several relaxations thus requires that suspensions
remain stable for an hour or more, depending on the actual time of equilibration
following the pressure drop. Studies of slower reactions which require longer
periods of time to relax to a new equilibrium after perturbation will of course
require longer time intervals between repeat measurements.

For P-jump studies of colloidal suspensions in aqueous electrolytes, care
must be taken to maintain a constant ionic strength, as the activities of the reactants
in solution, as well as the electrical potential at the colloid’s surface, will vary with
jonic strength. However, the use of a swamping electrolyte, which is a commonly
used device for controlling ionic strength, is not practical when relying on
conductivity detection. Because conductance measurements are nonspecific
regarding the conducting species in multi-electrolyte solutions, small changes in

reactant concentrations relative to large indifferent electrolyte concentrations will
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not be accurately measured (Hoffmann et al., 1964). Ionic strength must therefore
be sufficiently low to maintain detector sensitivity.

Since suspension stability decreases with increasing ionic strength, a
constant ionic strength below which flocculation is induced must be maintained
throughout the relaxation study. For the case of ionic reactants, ionic strength can
be no lower than that dictated by the highest reactant concentration for which a
relaxation time is to be obtained. Additionally, for any detection method chosen
for monitoring the relaxation, there is a minimum quantity of reactant for which an
accurate concentration measurement is feasible.

For certain solution species, high reactant concentrations may lead to
side reactions such as polymerization and precipitation which may be misinterpreted
as adsorption reactions. The maximum adsorptive concentration should not exceed
the level where these side effects become appreciable.

In order to linearize the rate expressions for a given reaction
mechanism, the reactant concentration changes following a perturbation must be
small relative to the absolute reactant concentrations (Bernasconi, 1976). Thus, in
order for the perturbation to be detectable yet yield a small concentration change
relative to the absolute concentration, a certain minimum of reactant must be
present in solution. The extent of perturbation can be adjusted to some extent,

however, by altering the magnitude of the forcing function (e.g., the pressure drop).
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It becomes apparent that some considerations require that jonic reactant
concentrations and ionic strength be low, whereas others dictate higher
concentrations. Finding the range of experimental conditions where all these
requirements are satisfied can be arduous. Many relaxation studies of colloidal
suspensions, which at first appear feasible, may prove impracticable due tc an
inability to maintain a stable suspension for a period of time sufficient for accurate
relaxation time measurement. Thus, prior to recording relaxation curves for
calculation of relaxation times, it is essential that various combinations of colloid
particle concentrations, reactant solution concentrations, and background electrolyte
concentrations be tested so that an optimal range of experimental conditions can be

chosen.

2.1.4 Pressure-jump Apparatus with Conductivity Detection

A schematic of a typical P-jump apparatus, such as that devised by
Knoche and Weise (1974), is depicted in Fig. 2.1. The apparatus consists of a
mechanical pressure inducing device, the P-jump autoclave, and various electronic
devices to detect and record the reactant concentration changes during the
equilibration process following a rapid pressure change.

The P-jump autoclave is a brass chamber with two removable cells
mounted diametrically on its sides, each capable of holding approximately 1 mL of
solution or suspension. Both cells, one containing the sample and the other

containing a reference, have internally mounted electrodes which provide a
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Figure 2.1 Schematic diagram and sectional views of the pressure-jump
apparatus: 1, conductivity cells; 2, potentiometer; 3, 40-KHz
generator; 4, tunable capacitors; 5, piezo-electric capacitor; 6,
thermistor; 7, 10-turn helipot; 8, experimental chamber; 9,
pressure pump; 10, rupture diaphragm; 11, vacuum pump; 12,
pressure inlet; 13, heat exchanger; 14, bayonet socket. Reprinted
from Chem. Instrum., p. 91-98 by courtesy of Marcel Dekker Inc.
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measurement of the electrical conductivity of the cell contents. The reference cell
functions to compensate for non-chemical side effects on the measurement of
reactant concentrations as a result of the P-jump. For conductivity detection, the
reference cell contains an electrolyte solution of similar conductivity and ionic
mobility to that of the sample. The suspension supernatant is often the best
reference solution since it should be nearly identical in chemical makeup to the
conducting medium of the sample.

Temperature fluctuations in the autoclave, due to heat exchange with the
surroundings, are prevented by circulating water maintained at a constant
temperature through a water jacket built into the autoclave walls. An internally
mounted thermistor provides a continuous reading of the temperature inside the
autoclave.

Following the sudden pressure drop, the contents of both the sample and
the reference cell experience the same change in solution volume. Therefore, the
physical effects on sample conductivity during the relaxation are nullified. The
cumulative effect of the relaxation on the electrical conductivity of the sample (ac,

Q' cm™) can be represented mathematically by

Ao = F/1000[p X |z;|p,Am, + p Xz |mAp, 22
+ Xz |mp,Ap)

where F is the Faraday constant, p is the density of the solution, z; is the valence of

ion j, p, is the mobility of ion j (cm® V™' ™), and m, is the molal concentration of
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jon j (Eigen and DeMaeyer, 1963). The physical effects brought about by the

volume change which might otherwise contribute to the relaxation effect are
changes in density (ap) and ionic mobility (aj). Because the pressure drop results
in an adiabatic expansion of the solutions, a small simultaneous temperature drop
also occurs (< 0.1 °C) (Takahashi and Alberty, 1969). This temperature jump is
also nullified by the reference cell, leaving a relaxation due only to the chemical
changes (am;) resulting from the pressure-induced perturbation. The temperature
equilibration time in the sample and reference cells following the adiabatic pressure
drop is approximately 10 s (Krizan and Strehlow, 1974).

Both the sample and reference cells are sealed with a flexible plastic
membrane which allows the pressure to be transmitted to the contents of both cells.
Pressure is increased by pumping water into the autoclave which has been sealed
with a thin strip of brass foil. When the pressure in the chamber exceeds that
which the brass foil can withstand, the foil bursts, rapidly releasing the pressure.
The foil is milled to an exact thickness which provides a reproducible bursting
pressure in the autoclave for each repetition of the relaxation time measurement.
The time required for the pressure in the autoclave to return to ambient conditions
is approximately 60 ps (Knoche, 1974). Since the pressure drop must be
instantaneous on the time scale of the relaxation to be measured, this represents the

lower time scale limit for reactions that can be studied with this apparatus.
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The electronic components of the P-jump apparatus comprise a
Wheatstone bridge, an analog-to-digital (AD) converter, a computer, and
oscilloscope. The two conductivity cells in the autoclave are connected to the
Wheatstone bridge. The total resistances of the sample and reference cells,
including their electrical connections and conducting contents, represent two of the
four arms of the Wheatstone bridge. Tl;e total resistance of the reference cell arm
of the bridge is adjustable by means of a potentiometer, which allows the reference
cell resistance and the sample cell resistance to be balanced artificially. As
pressure is increased in the autoclave, the equilibrium of the chemical system in the
sample cell is altered, resulting in a change in the ionic makeup of the supernatant.
An imbalance in the resistance (i.e., the conductivity) between the sample and
reference arms of the Wheatstone bridge results. The sample is given sufficient
time to attain the equilibrium dictated by the high pressure condition. At this point,
the brass foil is burst, the chemical system relaxes to the low pressure equilibrium,
and the balance in resistance is restored between the two arms of the bridge.

As the chemical system in the sample cell relaxes to the ambient
pressure equilibrium, the AD-converter captures the decaying analog signal of the
resistance imbalance in the bridge and converts it to a digital signal. The capture
and digitization of the resistance measurement from the bridge is triggered at the
point of pressure release by a piezo-electric capacitor built into the walls of the

autoclave. Following capture of the relaxation signal, the digitized information is
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transferred to a computer for data storage and analysis. An oscilloscope is used to
display the digitized relaxation spectrum of resistance imbalance amplitude versus
time for each relaxation measurement. Several digitized relaxation spectra for each
sample can be fed to the computer for signal-averaging and data manipulation. The
computer is also equipped with software designed to calculate relaxation times from
the exponential decay of the bridge signal. Statistical parameters associated with

the relaxation time measurement are also calculated by the program.

2.1.5 Preliminary Static Measurements for P-jump Studies in Colloidal
Systems

A convenient aspect arises from the development of chemical relaxation
theory, in that the rates of the equilibration process following the perturbation are
dependent on the final (i.e., the low pressure) equilibrium concentrations. The
absolute concentrations of the various products, reactants and intermediates need
not be known throughout the equilibration phase following the pressure drop. One
need only measure the equilibrium concentrations of the various reactants at
ambient pressure (Bernasconi, 1976). This equilibrium information is then used to
determine the intrinsic reaction rate constants for the adsorption process from
calculated relaxation times.

In studies of reactions of ionic adsorptives and charged colloidal
adsorbate surfaces, the electrical potential at the plane of adsorption must be

considered. The electrical potential at the surface has an effect on both the
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equilibrium constant for the adsorption process as well as on the kinetics of
adsorption. Unfortunately, values for the electrical potentials at or near the particle
surface cannot be measured directly but can only be obtained by modeling of
potentiometric titration data.

Various models of the electrical double iayer (EDL) have peen
developed which differ in the relationship between surface charge and potential.
Therefore, the values for the electrical potential at the plane of adsorption will vary
with the model chosen. The majority of P-jump studies in colloidal systems have
focused on reactions involving metal oxides with pH-dependent variable surface
charge. The triple layer model with inner-sphere (TLM-IS) adsorption (Hayes and
Leckie, 1987) has been used extensively for modeling of adsorption behavior on
colloid surfaces and has been very successful in yielding the desired agreement
between static and kinetic measurements from chemical relaxation studies. Yet this
model is not universally accepted as the best representation of the aqueous interface
of a charged surface, and new models continue to be developed (Hiemstra et al.,
1989). The TLM-IS and other models will be discussed in greater depth later.

In adsorption studies, where surface functional groups are considered to
be reactant species, the specific surface area and the surface site density of the
adsorbent must be determined. For variable-charge surfaces, surface acidity
constants determined by acid/base titration data, using either a graphical procedure

or equilibrium speciation modeling, provide a means of determining the relative
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concentrations of positive, neutral, and negative charge sites on amphoteric colloid
surfaces at a given pH. This information is essential since only one form of the
amphoteric surface site can be assumed to be reactive for each reaction mechanism
tested.

Once the essential static measurements have been completed,
preliminary relaxation studies of the system can proceed. The primary objective of
this phase is to determine if a measurable relaxation effect can be obtained. Once a
measurable relaxation has been detected, the various time regions that the AD-
converter is capable of monitoring must be probed to determine if more than one
relaxation occurs. Multiple relaxations indicate more than one reaction Step or
reaction mechanism is occurring in the system. Thus, the appropriate time
region(s) for measurement of each sample’s relaxation time(s) will be known in
advance once actual relaxation data collection begins.

Once it has been confirmed that one or more relaxations can be
measured, it must be established that the relaxations are only obtained when all of
the proposed reactants are present. All other sample constituents, alone and in all
possible combinations, must be tested for the ability to produce the relaxation
effect. Once it has been established that the relaxation occurs only in the presence
of the proposed reactants, the actual relaxation time measurements can be taken.

Several approaches may be used to vary the concentrations of the

proposed reactants, eliciting a change in the relaxation time(s). The first approach
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is to change the total amount of one of tﬁe reactants added to the suspension. For
example, either the particle concentration or solution concentration of the adsorptive
can be varied. Another approach is to vary the pH of the suspension. In the case
of a variable-charge colloid, this will alter the distribution of the three
interdependent protonation states that the amphoteric surface functional groups can
assume. Varying the pH is also a convenient device for chemical relaxation studies
of adsorption reactions of weak acid anions. The relative concentrations of the
undissociated and dissociated forms of the adsorptive can be shifted by varying the
pH, providing a means of determining which adsorptive species are active in the

adsorption process.

2.1.6 Measurement of Relaxation Times

Preparation of the P-jump apparatus for recording of relaxation curves
begins with a measurement of the absolute resistance (£2) of the sample in its
autoclave cell. Once determined, a reference solution of similar resistance (x 10%
absolute resistance) (Takahashi and Alberty, 1969) is placed in the reference cell
and both cells are mounted in the autoclave. The potentiometer on the Wheatstone
bridge can then be used to artificially balance the resistances of the two cells.
Once balance is obtained, the AD-converter is programmed to monitor the
equilibration process throughout the previously determined time region.

To obtain the high pressure equilibrium, the P-jump autoclave is sealed

with the brass foil and water is forcibly pumped into the chamber. To avoid
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pressure oscillations following the pressure release, the pressure transducing water
must be degassed and any air bubbles which may be trapped in the experimental
chamber (Fig. 2.1) must be removed prior to sealing the chamber. The pressure is
brought to within 0.5 MPa of the bursting pressure and the sample is given
sufficient time to reach the high pressure equilibrium (2 6 times the slowest
relaxation time) (Gruenewald and Knoche, 1979). To avoid the interference of
acoustical noise, the pressure above the foil is reduced below ambient pressure by
pulling up on the vacuum pump prior to the pressure release. A rapid thrust of the
water pump is then applied to burst the foil and restore the pressure in the
autoclave to ambient.

At the instant that the pressure is released, the piezo-electric transducer
triggers the recording of the relaxation spectrum over the specified time interval.
The captured relaxation is transferred to the computer for signal averaging and
analysis. Once transferred to the computer, the relaxation can be displayed on the
oscilloscope screen for a visual determination of the signal quality. Signals which
are of obviously poor quality due to mechanical or electronic disturbances can be
discarded at this point, so that high quality relaxation spectra will not be degraded
by the averaging process. The average of two or more relaxation spectra can also
be displayed for a visual inspection of the signal enhancement with each additional

spectrum recorded and averaged. The relaxations can also be qualitatively



54

inspected for multiple relaxation effects (single, double or more relaxations) at this
time.

Once several relaxation spectra have been measured and recorded, the
computer can be used for calculation and statistical evaluation of relaxation times.
This process is initiated by first choosing a portion of the relaxation spectrum
where the relaxation effect is most pronbunced. The relaxation spectrum represents
the relationship between the amplitude of the resistance imbalance (the dependent
variable) and time (the independent variable). Based on the time interval chosen,
the computer obtains 16 relaxation amplitudes equally spaced in time which will be
used to calculate T. The relaxation time can be calculated from the amplitude

decay over time using the relationship

y=A exp(-t/t)+C (2.3)

where y is the amplitude at time ¢ (s), A is the initial amplitude, and C, the final
amplitude. Five 1 values (T, to T,) are calculated from the 16 amplitudes by first
evaluating the first through eighth amplitude values, then the second through ninth
amplitude values, and so on. If there is no systematic variation in the five T
values, it can be assumed that the relaxation effect is a single exponential (or two
relaxations with the same relaxation time). A systematic increase in the T values
from t, through T, indicates that two or more relaxation effects with different

equilibration rates are superimposed. Random variation from T, to Ts due to






