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(ABSTRACT)

Kinetics and mechanisms of Al adsorption on Ca-saturat-

ed kaolinite, montmorillonite, and peat were studied using

miscible displacement methods. Unneutralized and partially

neutralized Al solutions (OH/Al=l.O) were leached through

monomineralic columns and effluent analyzed for monomeric

and polymeric Al, titratable acidity, and desorbed Ca as a

function of time. Observed breakthrough curves (BTC) for

continuous injection. of the various Al solutions through

. kaolinite suggested the existence of at least two mechanisms

for Al adsorption. It was shown that a relatively rapid

reaction, where solution Al was in equilibrium with the sol-

id phase, involved Ca-Al exchange and a slower reaction in-

volved Al polymerization on the adsorbent. This scenario

was supported by rigorous modeling of observed BTC with no-

nequilibrium transport theory, analysis of desorbed Ca effl-

uent, and potentiometric titrations of effluent solutions.

The occurgnce of two mechanisms for Al adsorption on montmo-



rillonite and peat was also evident. Polymeric Al was pre-

ferentially adsorbed by kaolinite throughout the displace-

ment experiment whereas montmorillonite preferentially

adsorbed monomers at short times and polymers at longer

times. Selective adsorption of either form of Al on peat

was not evident.

In order to accurately distinguish between monomeric

and polymeric Al in solution and on solids, a method was de-

veloped which evaluates the interaction of ferron with Al.

The colorinetric complexation of aqueous Al with ferron was

largely described by a binary species first-order rate func-

tion. Based on the differential kinetic reactions of ferron

with monomeric and polymeric Al, the fraction of the former

species was well predicted using the binary species model.

The method avoids arbitrary seperation times for the dis-

tinction of monomeric and polymeric Al since the duration of

monomer interactions with ferron depend on the initial ba-

sicity of the Al solution.
u
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Chapter I

INTRODUCTION

Understanding the process of acid deposition on soil

and the need for analytical control of water treatment re-

quires acute knowledge concerning the chemical partitioning

of aqueous and solid phase Al. The deposition of atmospher-

ic pollutants has been found to accelerate the transport of

nutrient cations from terrestria1.to aquatic systems and in-

crease soil mineral weathering, Al solubilization, and soil

acidity. It is thought that the readily soluble Al is res-

ponsible for recent declines of certain flora and aquatic

life. Aluminum salts, however, are commonly used in the

physico—chemical treatment of water and waste-waters to re-

move suspended matters, to precipitate inorganics such as

fluorides and phosphates, and to elminate organic micro-pol-

lutants. For this reason speciation of aqueous Al into its

various organic and inorganic forms and optimizing opera-

tional conditions for efficient treatment of waste-water be-

comes very important.

Aware of the complexities of physical and chemical pro-

cesses that govern solid-solution partitioning of Al, re-

search projects were conducted to investigate the reaction

of different forms of Al with various soil constituents and

1
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develop speciation methods for the chemical partitioning of

solid and solution phase Al. More specifically the objec-

tives of the study were to investigate the kinetics and me-

chanisms of monomeric and polymeric Al adsorption on various

soil constituents using transient displacement experiments

and to speciate hydrolyzed aqueous Al into its monomeric and

polymeric forms.
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Chapter II

LITERATURE REVIEW

2.1 INTRODUCTION

Aluminum occupies a somewhat anomalous position among

the biological elements, in that it is a very common and im-

portant constituent of many inorganic materials of the bio-

sphere, but is quite rare and usually an unimportant compo-

nent of living matter (Hutchinson, 1945). Although Al is

typically found in low amounts in plant and animals, the Al

content of most soils is generally quite high. Such Al is.

usually not readily available and is primarily contained in

the internal structure of aluminosilicate clays (Jackson,

1963b). As soils become acidified through the actions of

weathering, leaching of bases, and by the effects of acid

rain, the aluminosilicate clays and the hydroxides and ox-

ides of Al solubilize releasing Al in its readily available

elemental forms. The newly released Al may be readsorbed

onto the solid surfaces of the soil colloids or remain in

the soil solution where it is in direct contact with rooting

systems of living plants.

The occurrence of Al in the extracts of acid soils was

first observed by Veitch in 1902. Unfortunately the impor-

3
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tance of his findings were overlooked for many years and

soil scientists continued to support the well entrenched

theory that acid soils were primarily the result of adsorbed

hydronium ions on soil colloids. The ideas proposed by

Veitch (1902) however, slowly began to circulate amongst the

soil and plant scientists. Ruprecht (1915) and Hartwell and

Pember (1918), utilizing the knowledge provided by Veitch,

obtained evidence suggesting that the injurious effects of

acid soils on certain plants was due to Al rather than to

the hydronium ion. Similar results confirming this idea

were obtained, by Mattson and Hester (1933). The H-clay

theory also met disfavor when Paver and Marshall (1934) pro-

vided evidence strongly suggesting that soil acidity was

mainly associated with the A1 ion. Not until the work of

Grim (1942), Chernov (1947), and Schofield (1949) did soil

and plant scientist begin to accept that soil acidity was

primarily related to the Al ion and not the hydronium ion.

V Over the years studies on the interaction of Al with

plants and various soil constituents has advanced our cur-

rent knowledge of soil acidity only slightly. Earlier in-

vestigators had failed to consider the important reactions

of Al hydrolysis both in solution and on the exchange phase.

Not until recently have the precise condüions of hydrolysis

been considered when determining the nature and quantity of
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polymeric species, colloidal particles or amorphous phases

which form in Al salt solutions.

2.2 CHACTERIZATION OF ALUMINUM SPECIES IN PURE SOLUTIONS

The characterization of various Al species in the soil

solution is of great importance to both the soil and plant

scientist. Knowledge of the various species has provided

ideas pertaining to the mode of interaction between Al,

soils, and plants.

In dilute aqueous Al salt solutions with a pH close to

3.0, Al exists primarily as the trivalent cation, with six

water molecules in octahedral coordination (e.g.

Al(OHZ)6*3). The coordinated water molecules are oriented

with the oxygen toward the central Al ion. The oxygen-hy-

drogen bonds of the coordinated water are under considerable

stress due to the high charge of the Al ion. This situation

facilitates the removal of a proton when the pH of the solu-
A

tion is raised only slightly. This initial hydrolysis of Al

was first proposad by Bjerrum (1928). Much research has

been conducted in determining a precise pK value for the hy-

drolysis scheme (Fauchere, 1948; Lacroix, 1949; Schofield

and Taylor, 1954; Frink and Peech, 1963a). These initial

investigations of the hydrolysis of A1*3 assumed that the

only significant hydrolysis product in dilute aqueous solu-
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tions was Al(OH)*2. Recent studies have shown however, that

earlier techniques for measuring Al hydrolysis in dilute so-

lutions were not sensitive enough to distinguiskx between

Al(OH)*2 and possible species of the general formula

Alx(OH)2x_l (Baes and Mesmer, 1976). Variations in concen-

trations, pH, and temperature of aqueous Al salt solutions

further complicates the proposed monomeric hydrolysis

schemes.‘ Strong evidence suggest that under appropriate

conditions the association of monomeric Al species occurs,

resulting in the formation of various sized Al polymers.

The types and sizes of such polymers will vary relative to

the concentration of Al and OH' ions in solution, and rela-

tive to the temperature of the system. Variations in size

will also be greatly dependent on the methodology used in

adding OH' ions to the Al solutions.

Varying the concentration of Al in solution, Faucherre

(1954) reported that the cation AlZ(OH)2** (Al dimer) formed

in solutions where the concentration of A1 exceeded 1.1 x
1O’Z

M. At concentrations below 5.1 x 1O'3 M, however, the

monomer· Al(OH)*Z was predominate. This was in agreement

with the results of Matijevic and Tezak (1953) who initially

proposed the dimer species. In a similar fashion, Nair and

Prenzel (1978) suggested that the dimer species was insigni-

ficant from pH 1 to 9 at Al concentrations of 1O'3, 10'*‘,
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and 1O'6 M. Their conclusions were based on theoretically

determined equilibrium diagrams. Nail et al. (1976b), in-

vestigating the structure of the initial precipitates of

aluminum hydroxide gels, suggested however that the dimer

could easily form by unian of two deprotonated octahedra

(e.g. Al(OH)*2). The dimer species was believed to be the

precursor for the formation of other more complex polymers.

They suggested that the dimer could join to form either a

chain structure or a ring structure according to their pro-

posed deprotonation-dehydration mechanism. Investigating Al

speciation in very dilute solutions, Hem and Roberson (1967)

also suggested formation of the dimer species. Hsu (1977)

disagreed with these arguments, suggesting that A12(OH)z*‘

could not form since a considerable repulsive force exist

between the two Al monomers in solution.

The dimer species is the smallest proposed A1 polymer

that can exist in solution. Many larger and more complex

_ polynuclear species have been proposed based on evidence

provided by pH measurements, potentiometric titrations,

light scattering, cryoscopy, coagulation and diffusion reac-

tions. Brosset et al. (1954) concluded that the main Al

species in their solution was probably A16(OH)15*3 although

no definite decisions could be made since their method could

not distinguish between several conceivable formulas (e.g.
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Al6(OH)15*3, Al„(OH);„*‘, etc). Their proposed speciation

was based on the monitoring of aged Al solutions and crys-

tallographic evidence. In order to distinguish between such

species, Matijevic et al. (1961) suggested that information

on molecular weight, size, charge, etc. of the hydrolyzed

species must be available. Nail et al. (1976b,c) suggest

that the proposed speci@Sof Al6(OH)1$*3 is most likely not a

major hydrolysis product in Al solutions. The authors note

that the structure Al6(OH)15*3 consist of E1 six membered

ring with the extra hydroxide groups attached by single

bonds to alternate Al atoms in the ring. The presence of

these "nonstructural" hydroxide groups cause larger basicity

values to occur than those predicted from the authors pro-

posed deprotonation—dehydration scheme which considered only

double hydroxide bridge formations. Thus Nail et al.

(1976b) suggest that a complex of 32 aluminum atoms, derived

from the Al6(OH)15*3 species is the maximum size of the po-

lymer that can be postulated. This size limitation seems

unreasonably small since others have suggested that Al po-

lymers with over a hundred Al ions per structure are present

in solution (Smith and Hem, 1972). The Al6(OH)1s*3 species

has also met disfavor with Hem and Roberson (1967). They

argue that no structural basis exists for supposing that the

small partly polymerized unit, Al6(OH)15*3, would be likely
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to presist over any wide range of pH or OH/Al mole ratio va-

lue.

In cocksure to the proposed speci@SAl6(OH)15*3, Mati-

jevic et al. (1961) concluded that between pH 4 and 7, the

Al speciescould be defined as Al„(OH)2„*’ as noted from stu-

dies on the coagulation of aqueous sols of silver halides.

Rubin and Hayden (1973) also found that Al8(OH)Z„*‘ was the

principle Al speciesof their solutions. Again, Hem and Ro-

berson (1967) argued that no structural basis exists for

supposing that the polymer Alg(OH)zg+4 should exist in solu-

tion.

Sillen (1954a,b) and Heitanen and Sillen (1954) pre-

sented many experimental, mathematical, and graphical tech-

niques for determining the form and stability of many poly-

nuclear complexes. It was noted that the Al ion seemed to

form a considerable number of complexes containing fundamen-

tal units with a varying number of attached units. Using

the theoretical treatment developed by Sillen (1954, 1961),

Fripiat et al. (1965) proposed a mechanism of unlimited po-

lymerization for the formation of Al[(OH)„Al3]¤*‘ complexes.

Based on spectroscopic data of concentrated Al solutions and

using their proposed mechanism of polymerization, Fripiat et

al. (1965) suggested that the species Al4(OH)s*‘ was the

principal form in solution. Again, this polynuclear species
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violates the structural mechanisms proposed by Hem and Ro-

berson (1967) who worked with very dilute, partially neu-

tralized Al solutions.

Akitt et al. (1969, 1972), using nuclear magnetic reso-

nance (NMR), concluded the following forms of Al occurred in

their solutions over a variety of pH values: Al*3,

and Alg(OH)2g+4„ The pOlynLl'

clear species Al1304(0H)24*’ has previously been proposed by

Johanson (1960) following his studies of the crystals of ba-

sic aluminum sulfate. Rausch and Bale (1964) also assumed

this polynuclear Al species using small-angle x-ray scatter-

ing. They prepared Al solutions of basicities varying bet-

ween 1.5 and 2.25 and heated them to 70°C for 1 hr. Moni-

toring the solution with small—angle x-ray they found a

polymer with a radius of gyration 4.3A which was assumed to

be Al130,(0H)2,*’. Waters and Henty (1977), using· Raman

spectroscopy, also suggested that this latter polymeric spe-

_ cies was the major constituent of their hydrolysed Al salt

solutions when OH/Al=2.5. More recently Bottero et al.

(1980), investigating the hydrolysis and precipitation pro-

cess of Al using 27Al NMR spectroscopy, concluded that their

0.1M AlCl3 solutions, of varying basicity frmn 0 to 2.5,

contained the polymers and a dimer whose for-

mula was Later in the investi-
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gation, Bottero et al. (1980) ran experimental potentiome—

tric titrations and tried to repredict the curves using

theoretical considerations. In order to improve the super-

imposition of the theoretical curve on the experimental

curve, the authors decided to modify the charge of the po-

lymer Al13O,(0H)2,*7 and its dissociation constant to

A1130„(OH)Z„*3 and k=10"°5, respectively. Further investi-

gations of the hydrolysis of aqueous solutions of Al were

conducted by Bottero et al. (1982) using small—angle x-ray

scattering. Using 0.lM AlCl3 with a OH/Al=2.0, and assuming

the principal specdes in solution as Al130,(0H)z8*3, the ex-

perimentally calculated radius of gyration was 9.8A which

corresponds to an ionic radius of 12.6A. This value demons-

trates that the solvation layer of the polymer has substan-

tial thickness. The polymer proposed by Johanson (1960),

Al13O,(OH)2,*’ , and a derivative of this proposed by Botte-

ro et al. (1980), Al130,(OH)Z„*3, have icosahedral struc-

_ tures where a tetrahedral central A1 is symmetrically sur-

rounded by 12 octahedral Al. Some believe the icosahedral

structure of these polymers is quite unstable based on

theoretical calculation (G.N. White, personal communica-

tion). Recalling the formula: bond strength = valence/

coordination number and considering that the 3 tetrahedral

oxygens, each of which is bound to 3 octahedra, have a net
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valence of 5/4, we find that in order to have a net balance

of charge amongst the bonds, we need to have the valence of

the octahedral bonds to be 5/12. This is 1/12 less than

theory would predict resulting in an unstable structure or a

structure where the 12 "uncharged waters" in reality have

7/12 bond strength. This latter statement most likely is not

the case. Akitt and Farthing (1981 c,d) have recently pro-

vided experimental evidence which verifies that the

Al13O,(OH)2,*7 polymer is in fact unstable in partially neu-

tralized Al solutions. They postulate its formation by sug-

gesting that rapid addition of base with Al results in lo-

calized concentrations of Al(OH),’ which serves as a central

nucleus for the binding of 12 octahedrally coordinated Al

units. With age, the polymer fragments into units of vary- _

ing proportion which are of a hexagonal arrangement.

Bertsch et al. (1986) has also shown that the Al13O4(OH)2„*7

polymer is a kinetic artifact of the method of preparation.

( The polymer was observed at OH/Al (n)>O.25

using base injection rates of O.6 and 1.2 mL min°land its

concentration was found to increase linearily as a function

of n. For n=2.5 the concentration of the polymer decreased

at the 1.2 mL min'lbase injection rate but increased linear-

ily at the base injection rate of O.6 mL minqz After 9

months of aging, the Al13O„(OH)Z,*7 species was no longer
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evident in solutions synthesized at 1.2 mh min°lbut stiD.re-

mained in solutions made at 0.6 mL min'. Bertsch et al.

(1986) has also shown that the existance of the

polymer is dependent on the concentration of

initial solution Al. Concentrations of 3.34 x 1O'3 M Al and

less were found not to contain the Al13O,(OH)2,*7 polymer in

detectable amounts until n21.5.

Many of the authors discussed to this point, with the

exception of Hem and Roberson (1967) and Smith and Hem

(1972) have utilized rather high concentrations of A1 in

their studies which does not serve to mimic the soil envi-

ronment very well. Many of these studies dealt with par-

tially neutralized solutions where the OH' ions were added

to the Al solutions rather rapidly. Vermeulen et al. (1975)

have shown that such a procedure results in localized con-

centrations of OH' which could cause premature precipitation

of solid Al(OH)3. Thus many of previous studies may have

prepared polymers in solutions which may be very unrealistic

in soil systems. Acknowledging the factors contributing to

the nature of Al hydrolysis, Hem and Roberson (1967) pre-

pared. dilute, partial1y· neutralized Al solutions (4.53 x
l0°‘

to 4.53 x 1O'5 M) by "slowly" adding base to the vigo-

rously stirring A1 solutions. The precise rate of base ad-

dition and whether or not it was added below the surface of



14

the Al solution was not mentioned however. Nevertheless

their· method minimized, if not eliminated, the localized

precipitation effect which hampered results of so many in-

vestigators before them. Hem and Roberson (1967) proposed a

mechanism of polymer formation based on a process involving

deprotonation and dehydration. of solution .Al ions. This

process initially results in the formation of the of the di-

mer species which contains a double hydroxide bridge between

aluminum ions. The dimers can then join to form either a

branched chain structure or a ring structure by the same de-

protonation-dehydration mechanism. The general formula for

the branched chain structure would be

Alx(OH)2x_2(OH2);;i; which has a finite length. Hem
and Roberson (1967) suggest that the statistical probability

of forming long straight chains is low since the_mutual di-

rectional bonding forces between Al*3 and OH' ions which

form the double bridges require that no two adjacent bridges

y lie in the same plane. This is in agreement with the struc-

ture of gibbsite which is a common and stable constituent of

many soils. The authors further suggest that rapid addition

of hydroxide to A1 solutions probably produces various chain

lengths. Nevertheless, the ring structure can also be

formed by joining dimers. The ring formation is composed of

6 octahedrally coordinated Al ions joined together by double
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OH bridges. These six-membered rings imay then coalesce

further by continued polymerization which follows the depro-

tonation-dehydration mechanism. Stol et al. (1976), working

also with very dilute Al solutions of varying basicity, pro-

posed a structural model for Al polymer formation and sug-

gested that hexamers and their cyclic derivatives were the

most common species of Al polymers. The authors further ad-

ded that other Al structures may be present but their con-

tribution towards the total population, is much less than

that of the hexameric species. Hsu and Rich (1960) and Hsu

and Bates (1964) had also suggested that a "gibbsite-like"

ring structure of Al was the primary polymer in their solu-

tions. According to Hsu (1973) and Bersillon et al. (1978),

polymeric Al species consist of sheetlike units which grow

in size in the a and b directions and whose size depends on

the initial basicity of the Al solution. Vertical combina-

tion of particles may occur and this mechanism of polymer

l growth involves H-bonding between the adjacent sheetlike

layers. Based on infrared (IR) studies of the development

of order in Al hydroxide gels, Nail et al. (1976a) also con-

cluded that Al polymers and precipitates preferential grow

in the ab plane suggesting the formation of thin platelet

structures.
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2.3 INTERACTIONS OF ALUMINUM WITH PURE CLAYS AND PEAT

The final rejection of the H—clay theory which occurred

in the early to mid 1950's, prompted countless investiga-

tions on the interaction of Al with various constituents of

the soil and its implications on soil acidity as a whole.

The ever growing evidence suggesting that Al was the ad-

sorbed speciesin many acid soils and not H30* was supported

by Rich and Obsenshain (1955) who found evidence suggesting

nonexchangeable Al existed in interlayer positions of vermi-

culite in their acid soil. From such knowledge, numerous

studies were conducted on the interaction of A1 with various

soil constituents in order to model actual reactions in true

heterogeneous soil systems.

Rich (1960) treated trioctahedral vermiculite with A1

solutions of varying basicities and allowed the samples to

age. He suggested that some hydrolysis of the adsorbed A1

had occurred, but since the Al was held tightly in the ver-

miculite interlayer space this hydrolysis was probably lim-

ited. Artifical Al interlayers were also synthesized in

vermiculite by Hsu and Bates (1964). Hydroxy-A1 solutions,

prepared by addition of 0.lN NaOH dropwise into 0.2M A1Cl3

solutions and than diluted to give various OH/Al mole rat-

ios, were added to vermiculite resulting in the fixation of

Al polymers on the clay. The species Al6(0H)1Z*6 (ring
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structure) and Al1„(OH)22*° (double ring) were presumed to
I

be present as single layers in the interlayer space. It was

suggested that at high Al concentrations in the interlayer

space, futher sorption in this space may be impeded either

physically (size of polymer) or chemically (unfavorable

charge distibution). They also indicated that Al hydrolysis

was enhanced in the presence of the vermiculite clay. The

adsorption of the polynuclear species Al6(OH)12*6 into the

interlayer spaces of montmorillonite was also suggested by

Weismiller et al. (1967) using infrared analysis. Carstea

(1968) formed hydroxy·A1 interlayers in both montmorillonite

and vermiculite at various temperatures and found that the

formation of Al interlayers in both minerals increased with

increasing temperature. He suggested the higher degree of

interlayering in montmorillonite as compared to vermiculite

of a similar size fraction was related to the difference in

the amount. and location. of charge between. the minerals.

_ Since vermiculite should hold the Al polymer more tightly

than montmorillonite, it was suggested that a lesser degree
of’

hydrolysis should. occur for the adsorbed ions in the

former clay. Cotten (1965) studying the hydrolysis of Al as

a function of the degree of cross-linkage in a synthetic ca-

tion exchanger, Dowex-50, found that the extent of hydroly-

sis increased as the degree of' cross—linkage (and charge
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density) decreased. ‘Sawhney (1968) also proposed that the

expanded interlayer space in montmorillonite, which has a

lesser charge density than vermiculite, provides an ideal

locale for the enhanced polymerization of Al while the in-

terlayer space of vermiculite restricts it. Barnhisel and

Rich (1963) complied with this argument by suggesting that

an increased number of negative charges on a clay surface

may delay precipitation of A1 as do anions such as Cl' and

The effect of anions on precipitation of Al(0H)3 in

pure solutions has been investigated extensively (Ross and

Turner, 1971; Serna et al., 1977; Akitt and Farthing,

1981d). Jackson (1960), however, had previously proposed

the idea of "steric pinching" in the interlayer space. This

idea arose from the fact that ions located in a high charge

density interlayer were in very close association with their

coordinated water molecules. Thus it was suggested that a

greater opportunity for hydrolysis and olation existed re-

_ sulting in a higher degree of polymerization. Rich (1970)

supported this argument suggesting that narrow and more ex-

tensive interlayer spaces with high charge densities may

provide a better environment for hydrolysis. Veith (1977),

however, revealed evidence of only slight hydrolysis of ad-

sorbed Al*3 on vermiculite. In contrast to all the above

arguments, Frink and Peech (1963b) totally disagree with the

entire idea of clay enhanced Al hydrolysis reactions.
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whether hydrolysis is enhanced by the presence of

negatively charged colloids or not, is still an issue of de-

bate today. Even so, the mechanism of Al sorption on inter-

layered clays is still not completely understood either.

Grim and Johns (1954) considered that hydroxy—Al interlayers

existed as "islands" which were randomly dispersed in the

interlayer spaces. Chakravarti and Talibudeen (1961) and

Dixon and Jackson (1962) felt that the hydroxy—Al species

were concentrated near the edges. This was supported by

Frink (1965) who suggested that Al interlayers exist as

"atolls" where the concentrated portion of hydroxy-Al polym—

ers occurred at the clay mineral edges. Barshad (1960)

further suggested that polynuclear Al species tend to be

more strongly preferred by interlayered clays relative to

monomeric Al species. Veith (1977, 1978) has shown that

montmorillonite adsorbs rather large polynuclear Al species

from solution while vermiculite adsorbs smaller hydroxy-Al

. complexes. This is related to the nonexpansibility of the

vermiculite clay. Hodges and Zelazny (1983a) also have

shown that the amount of Al fixed by montmorillonite de-

creased with decreasing concentration of Al in solution sug-

gesting the preferential adsorption of hydrolyzed, polynu-

clear species. The more dilute solutions tend to contain a

larger percentage of monomeric Al species. whether or not
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the adsorbed polymers on the mineral surface further polym-

erize to form precipitates of amorphous Al(OH)3 or gibbsite

is debatable. Strong· evidence tends to suggest. however,

that precipitates of amorphous or crystalline gibbsite can

form in the interlayer spaces of montmorillonite but not in

those of vermiculite. whether this is related to charge

density considerations or to the expansible nature of the

clays is unknown presently. Multilayer sorption of hydroxy-

Al polymers was noted in montmorillonite interlayers by

Sawhney (1968). with aging, the sorbed Al species further

polymerized to form gibbsite. This phenomena was not found

to occur in vermiculite and was attributed to the fact that

interlayer spaces in montmorillonite provide a favorable

condition for the organization of hydroxy-Al ions into

gibbsite structure. _Turner and Brydon (1967) also found

gibbsite formation in aged, partially neutralized Al—montmo-

rillonite samples. Once gibbsite had formed in the inter-

_ layer space (OH/Al approaching three), the clay-Al complex

was no longer stable and the gibbsite was eventually re-

leased from the surface. Singh and Brydon (1967) also ar-

tifically formed interlayers in montmorillonite using the

salt AlZ(SO„)3. The interlayer material that initially

formed, disappeared from the interlayer space and a crystal-

line basic aluminum sulfate formed in solution. The preci-
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pitated Al interlayer material was not stable with sulfate

present at the low OH/A1 mole ratio of 2.2. Veith (1977)

suggested that the formation of gibbsite on clays requires

extensive time of aging and may occur at a value as low as

OH/Al=O.6 provided "enough" solution is added to increased

the basicity of the adsorbed A1 to the point beyond which

gibbsite is formed. Recently, Hodges and Zelazny (1983a)

found that montmorillonite fixed A1 with basicities ranging

form 2.1 to 2.9 suggesting that possible precipitates had

formed. The formation of gibbsite was later verified using

differential scanning calorimetry (DSC).

The complex znature by which Al interacts with both

montmorillonite and vermiculite is apparent. The difficul-

ties in mechanistic interpretation of the sorption processes

of Al are further complicated when one considers the clay

mineral kaolinite. Turner and Brydon (1967) added various

concentrations of AlCl3 to kaolinite clay samples which then

had Ca(OH)Z added dropwise until a basicity of 2.5 was

reached. At high concentrations of Al in solution, precipi-

tates rapidly formed on the clay and were soon released due

to some apparent instability of the precipitate on the sol-

id. When smaller amounts of Al were added, the precipitates

formed were permanently held on the surface of kaolinite.

It was assumed that the precipitate occurred on the clay
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mineral edges, where the primary seat of charge is located,

rather than on planar surfaces. Brown and Hem (1975) howev-

er, found that the adsorption of polymeric Al species on

clay surfaces was more closely related to surface area than

CEC. They also suggested that polymeric Al adsorbed on min-

eral surfaces was not readily transformed to gibbsite.

Barnshisel and Rich (1965) concluded that kaolinite could

act as a template for the formation of gibbsite. They added

5.3 mmole of partially neutralized Al solution to kaolinite

and found that although a precipitate formed, it was very

poorly crystalline. El-Swaify and Emerson (1975), investi-

gating the effect of Al and Fe oxides on the swelling and

aggregate stability of clays after drying, suggested that

the presence of kaolinite prevented the hydroxides from

crystallizing in the form of gibbsite. In the absence of

the clay, however, it was found that identical solutions

were able to precipitate gibbsite. Roberts et al. (1974)

also investigating floculation and aggregate stability rela-

tions with A1, suggested that hydrolyzed A1, most likely

Al„(OH)Z„*‘, acted as an "anchor point" to attach the nega-

tively charged polymer, polyacrylamide, to the surface of

kaolinite and enhance flocculation of the clay suspension.

Hodges and Zelazny (1983a,b) have recently investigated the

interaction of dilute, partially neutralized Al solutions
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with kaolinite. They found that kaolinite strongly adsorbed

Al primarily in the form of polymers. It was noted that the

average basicity of adsorbed Al decreased with increasing

aging on kaolinite suggesting that kaolinite may be capable

of dehydroxylating the hydrolyzed Al added. The fixation of

Al on the kaolinite resulted in basicity values ranging from

2.1 to 2.4. Even so, no gibbsite was detected using DSC.

The authors suggest that a strong "anti—gibbsite" effect oc-

curs with Al on kaolinite solids. The "anti—gibbsite" ef-

fect has previously been proposed by Jackson (1963a).

A meager amount of research has been conducted on the

interactions of Al with "soil mica" (illite) and the primary

minerals biotite and muscovite. Huang and Kozak (1970), in-

vestigating the adsorption of hydroxy—Al polymers by muscov-

ite and biotite, suggested that the increase in adsorption

with a decrease in particle size is attributed to the in-

crease in external surfaces. This seems reasonable since no

available interlayer spaces should exist in K-saturated mica

particles. Kozak and Huang (1971) again found that K-satu-

rated biotite and muscovite samples adsorbed only small am-

ounts of Al polymers which were related to external planar

and edge sites of the minerals. Depletion of some K from

the interlayer spaces of biotite and muscovite resulted in a

larger quantity of adsorbed Al in the former mineral, but
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had a negligible effect on the adsorption of Al in the lat-

ter mineral. This appeared to be due to charge effects and

steric hindrance of the Al polymer in the interlayers of K

depleted muscovite. El-Swaify and Emerson (1975), investi-

gating the effect of precipitated Al and Fe hydroxides on

the swelling and aggregate stability of clays after drying,

suggested that hydroxy-Al interlayers appeared to be formed

in soil mica reducing the relative double—layer charge and

hence swelling tendencies. Turner and Brydon (1967) also

suggested the formation of hydroxy-Al interlayers in soil

mica. Columbera et al. (1971), on the other hand, found

that soil mica adsorbed hydroxy-Al polymers according to a

Langmuir isotherm and suggest that the adsorption process
l

was not one of exchange, but involved the formation of hy-

drogen bonds between the OH groups of the polymer and silox-

ane groups on the illite surface. Investigating the systems

of Al—illite and Al-montmorillonite, Edwards et al. (1965)

showed positive Cl' adsorption on the A1-clays and suggested

that it was associated with the tendency of the cation to

undergo hydrolysis. The authors noted that A1 hydrolysis

was less on the illite relative to the montmorillonite and

suggested it was the result of the higher charge density of

the former clay which protected the bound Al from extensive

hydrolysis.
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Another important constituent of many heterogeneous

soil systems is organic matter. Its complex polymeric

structure has been discussed by Theng (1968) and Schnitzer

(1978). Aluminum interactions on peat and humic acid have

been studied by many researchers in order to model actual Al

interactions with organic matter found in many mineral

soils. Pionke and Corey (1967) suggested that Al—organic

matter complexes were quite strong since nonexchangeable A1

correlated best with organic matter. They assumed however,

that nonexchangeable Al was the difference between 1N NH,OAc

pH 4.8 extracted A1 and KC1 extractable Al. Thomas (1975)

also found that Al extracted from acid soils using 1N KC1

was lower as the organic matter content increased at any

given pH level. This suggested that Al was tightly bound to

organic matter and helped explain why no adverse effect was

found on corn growth in high organic matter surface soils

with pH values as low as 3.8. Spyridakis et al. (1967) ob-

_ served the formation of kaolinite from the alternation of

biotite to hydroxy—Al interlayered vermiculite in sand cul-

tures in which coniferous seedlings were grown. Where or-

ganic matter was added in the culture medium, kaolinite did

not form and it was suggested that the organic matter may

have complexed the Al released by weathering which was es-

sential for kaolinite formation. The strong binding of Al
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species with organic matter has also been suggested by Hoyt

(1976) and Sivasubramaniam and Talibudeen (1972). Coleman

and Thomas (1967) suggested that most of the pH buffering in

acid soils is due to hydrolysis of Al on organic matter ex-

change sites and znot necessarily associated with organic

derived hydrogen ions. This agrees with the observations of

Bloom et al. (1979) who concluded that hydrolysis of organi-

cally bound Al is a major source of buffering in the pH

range of 4 to 5. White and Thomas (1981) suggested that

weakly acidic carboxyl groups acted as sinks for protons re-

leased during the hydrolysis and polymerization of Al on or-

ganic matter. They found a close correlation between appa-

rent pKa of the acid groups (from titration curves at 50%

neutralization) and the basicity of the adsorbed Al sug-

gesting that Al was more extensively hydrolyzed the weaker

the average acid strength of the carboxyl groups of the ex-

changer. Using muck samples and a carboxylic resin to serve

A as a. model for soil organic matter, Hargrove and Thomas

(1982) suggested that it would be unlikely that Al could oc-

cupy all the reactive sites of organic matter since it is

always hydrolyzed to some degree and H30* ions will be ad-

sorbed on weakly ionized acidic groups. The average basici-

ties of adsorbed Al on the mucks ranged from 0.88 to 2.07.

The upper limit of this range agrees well with those of
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White and Thomas (1981) who used acid peat and humic acid to

mimic soil organic matter. Bloom et al. (1979) and Bloom

and McBride (1979) suggested that hydroxy-A1 ions were more

preferred on organic matter than Al*3. They suggest hydrox-

y—Al ions have a lower charge and hydration energy allowing

them to more closly approach a binding site and possibly

maximize the binding energy. However, Bloom (1981) further

mentioned that the hexameric polymers postulated by Hsu and

Rich (1960), probably are not sorbed by peat since the geo-

metry of the peat carboxyl sites would limit, if not pre-

vent, association with the six charges of the small ring.

Hargrove and Thomas (1982) suggest however, that three, or

even two, simultaneously dissociating carboxyl groups are

not necessary for complexing Al*3. The stability of an Al

complex with humic acid was shown by Arai and Kumada (1981)

to increase with decreasing distance between two adjacent

carboxylic groups in the humic acid or with increasing ba-

_ sicity of Al species bound to the exchanger. Hodges and Ze-

lazny (1983a) have most recently investigated the interac-

tion of dilute, partially neutralized A1 solutions with

peat. They noted that the exchanger fixed Al with basici-

ties very near that of the equilibrium solution used and

that no gibbsite could be detected on the solid using DSC.

The lack of Al precipitation on the peat was indirectly sug-
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gested to be associated with the high charge density of the

exchanger, as is the case with vermiculite.

The modeling of Al reactions with various constituents

of the soil has provided much information concerning the me-·

chanisms of retention and release of the ion in heterogene-

ous soil systems. However, a substantial amount of research

yet remains in the application and integration of these mo-

dels to true soil systems.

2.4 THE USE OF REACTION KINETICS AND ION EXCHANGE
EQUILIBRIA TO CHARACTERIZE ALUMINUM INTERACTIONS IN
SOIL

V In order to further understand the nature of soil acid-

ity, many researchers have attempted to characterize Al in-

teractions in soils using the theories of ion exchange equi-

libria and reaction kinetics. The latter condition has been

primarily concerned with kinetics and mechanisms of the au-

totransformation of H-clays and soils to Al-clays and soils.

The interest in such studies stems from the phenomena of

soil weathering and subsequent promotion of soil acidity.

Eeckman and Laudelout (1961), investigating the spontaneous

evolution of hydrogen montmorillonite into Al montmorillo-

nite, noted that the reaction proceded by an apparent

first-order rate mechanism and conformed to the parabolic

diffusion law. It was determined that the structure of the
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tetrahedral silica layer remained. essentially undisturbed

during acid dissociation but that peripheral dissociation of

the gibbsitic layer did occur however. These finding agree

with those of Davis et al. (1962) who also investigated the

autotransformation <1f H-montmorillonite ‘¤o
Al-montmorillo-

nite. They also suggested that Variations in the properties

of the H-Al-montmorillonite suspensions after heating for

different periods of time, may be associated with differenc-

es in the state of hydrolysis of the released Al. The reac-

tion of H ions with the magnesian chlorite, penninite, has

also been shown to follow a similar mechanism of decomposi-

tion (Brindley and Youell, 1951). Coleman and Craig (1961)

prepared H-clays using the method suggested by Alrich and

Buchanan (1958). They noted that H—kaolinite altered more

slowly than H-montmorillonite, which agrees with the idea

that kaolinite has a umre stable mineral structure. They

suggested congruent dissolution of the montmorillonite by H

ions. A similar mechanism for H dissolution of montmorillo—
nite was also proposed by Miller (1965). He observed the

release of Al obeyed psuedo-first—order kinetics with the

reaction occurring on all surfaces. The dissolution of H-

kaolinite was incongruent, however, and the release was

found to conform to psuedo-zero-order kinetics. Miller

(1965) suggested that a diffusion controlled edge attack of
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H on the kaolinite was responsible. In an in depth study on

the kinetics of the conversion of Na- or Ca-saturated clay

to H-Al-clay, Banin and Ravikovitch (1965) provided evidence

of a two stage reaction of H ions with the montmorillonite

surface. In the first stage of the reaction several facts

showed that the exchangeable Al was not liberated by crystal

structure decomposition. It was postulated that its appea-

rence was the result of a rapid dehydroxylation of hydroxy-

Al groups located at plate edges or adsorbed on the basal

planes of the mineral. During the second stage of the reac-

tion, spontaneous self-decomposition of the clay structure

then takes place. Banin and Ravikovitch (1965) suggest that

almost all work done on the autotransformation process has

dealt with the latter reaction only (Low,l955; Laudelout and

Eeckman, 1958; Eeckman and Laudelout, 1961; Coleman and

Craig, 1961; Davis et al., 1962; Miller, 1965).

After the work of Banin and Ravikovitch (1965), little

l has appeared in the literature concerning the autotransfor-

mation of H-clays and soils to Al—clays and soils. Interest

began to flourish in determining the rates of retension and

release of Al which was present in soils as a product of

weathering. Sivasubramaniam and Talibudeen (1972) and Cabr-

era and Talibudeen (1978) proposed a kinetic method for det-

ermining the amount of exchangeable Al in acid soils using
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1N NH„Cl and NH4NO3 (pH 3), respectivelyl The rate of re-

lease of exchangeable Al was found to follow psuedo-first-

order kinetics and noted to be much slower than the rate of

release of more basic alkali and alkaline earth cations.

Since the extraction of Al depends on the valence and radius

of the displacing cation and the pH used in the extraction,

the method should be viewed qualitatively. Brown and Hem

(1975), investigating the reactions of Al species with kao-

linite, montmorillonite, and volcanic ash, found that the

adsorption of the monomeric species Al*3 and Al(OH)2*1 fol-

lowed a cation exchange equilibrium model with the reaction

being essentially complete after about lhr. Rapid adsorp-

tion of polynuclear Al hydroxide species also occurred and

was found to conform to the Langmuir adsorption isotherm.

The loss of polymeric Al from solution was more closely cor-

related with surface area than to CEC. Brown and Hem (1975)

suggest that such differences between monomers and polymers

A in the presence of an exchanger should be anticipated since

a polymer cannot be expected to behave as a monomer where

each individual Al atom is bound to a charged site. Also

polymers are larger with less charge per Al ion, thus their

mobility and diffusion rate in solution are likely to be

slower. Hodges and Zelazny (1983a) indirectly suggested

that kaolinite and montmorillonite react more rapidly with
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dilute, partially neutralized Al solutions relative to peat.

The complex polymeric structure of peat may be responsible

for this observed difference. Diffusion of Al species into

the interlayer space of montmorillonite was also suggested

by Carstea (1968) to be the rate limiting step during the

sorption process. Additional research has also considered

the rate of release of Al from synthetic gibbsite and hy-

droxy-Al gels in acid media (Bloom, 1983, and Nail et

al.,l976c, respectively).

The use of ion exchange equilibria to describe and

characterize Al interactions in soils has also been attempt-

ed. Incorrect use of the classical equilibria theories (Van-

selow, 1932; Gapon, 1933; Argersinger et al., 1950; Gaines

and Thomas, 1952) to describe Al reactions in soils has re-

sulted in much misinterpreted data. Many, if not all, in-

vestigations of this type have failed to recoginize several

important conditions that must be met in order to use ther-

modynamic equilibria to describe cation exchange reactions.

Reversible reactions are of the essence when using equilib-

ria models; something which is difficult to obtain when con-

sidering Al reactions with solid exchangers. The theory as-

sumes one knows the valence and speciation of the cation

which is present in solution and on the solid; something

which has not yet been solved in Al chemistry. The theory
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assumes all interactions of cations with the solid phase are

coulombic in nature; this has not been totally verified for

Al sorption reactions with soil exchangers. The list goes

on and, yet numerous researchers have attempted to apply

their rather complex data to the oversimplified equilibria

models (Nye et. al., 1961; Clark and Turner, 1965; Chen,

1965; Pleysier et. al., 1979; Baruah et al., 1983). Some

attempts have been made to correct for the first hydrolysis

step of Al in solution (Coulter and Talibudeen, 1968; Coul-

ter, 1969). Even so, the speciation of sorbed Al on the

solid phase is still grossly assumed as is the reversibility

of the reaction. Recently McBride and Bloom (1977), pro-

posed a statistical model which included the solution like

nature of adsorbed Ca*Z, and the strongly adsorbed nature of

the trivalent Al species, Al*3. The model was complicated

by hydrolysis and precipitation reactions of Al at higher pH

values and such reactions could not be accounted for by the

A model. Reuss (1983) attempted to generate Ca-Al exchange

isotherms based on equilibrium constants obtained from the

literature and corrected them for the hydrolysis of Al. Un-

fortunately the equilibrium constants obtained were deter- ,

mined under conditions which violated many of the important
”

assumptions that must be met in order to use thermodynamic

equilibria theory.
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Presently no satisfactory method has been found to de-

scribe Al equilibria reactions in clays and in soils. Until

a better understanding is established on how Al interacts in

solution and on solid exchangers, the use of classical ther-

modynamic equilibria to describe Al reactions will be inval-

id.



Chapter III

MECHANISMS OF ALUMINUM ADSORPTION ON CLAY
MINERALS AND PEAT

3.1 ABSTRACT

Mechanisms of Al adsorption on Ca-saturated kaolinite,

montmorillonite, and peat were studied by miscible displace-

ment methods. Partially neutralized 1.0 x 10" M AlCl3 so-

lutions with basicities of 1.0 were leached through monomin-

eralic columns and effluent analyzed for monomeric and

polymeric A1, titratable acidity, and desorbed Ca as func-

tions of time. Polymeric Al was preferentially adsorbed by

kaolinite throughout the displacement experiment whereas

montmorillonite preferentially adsorbed monomers at short

times and polymers at longer times. Selective adsorption of

monomeric or polymeric Al on peat was not evident. Aluminum

adsorption kinetics on kaolinite, montmorillonite, and peat

was described by two simultaneous reactions -- a relatively

rapid reaction involving Al-Ca exchange and a slower reac-

tion involving Al polymerization on the adsorbents. This

scenario is supported by potentiometric titrations of effl-

uent Al and by analyses of effluent Ca, and adsorbed, ex-

35
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changeable and, nonexchangeable A1 basicities. Negligible

adsorption of Al on gibbsite and quartz indicated that sur-

face bound Al on kaolinite and montmorillonite may serve as

a template for adsorption of more Al.

3.2 INTRODUCTION

Recent studies on the effect of acid deposition on

soils have addressed problems associated with the transport

of soluble constituents through porous media. Of particular

concern is the transport of Al whose so1id—solution parti-
V

tioning is complicated by numerous physical and chemical

processes (Prenzel, 1983; Reuss, 1983). Studies on the in-

teraction of Al with soil adsorbents generally indicate that

polynuclear A1 species are preferred on exchangers relative

V to A1 monomers (Barshad, 1960; Columbera et al., 1971; Brown

and Newman, 1973; Bloom and McBride, 1979). Veith (1977,

1978) and Hodges and Zelazny (1983a) have shown that smec-

tite preferentially adsorbs large hydroxy—Al complexes,

leaving less basic Al species in solution. This agrees with

earlier studies which noted multilayer sorption of hydroxy—

A1 polymers in montmorillonite interlayers (Weismiller et
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al., 1967; Sawhney, 1968; Carstea, 1968).- Strong adsorption

of polymeric Al on kaolinite and organic matter has also

been suggested by Hodges and Zelazny (1983a,b) and Bloom et

al. (1979), respectively.

Several reports indicate that A1 hydrolysis is enhanced

in the presence of a charged adsorbent (Rich 1960; Hsu and

Bates, 1964; Veith, 1977) while others contend the reverse

(Frink and Peech, 1963b; Hodges and Zelazny, 1983b). Car-

stea (1968) and Sawhney (1968) proposed that the more exten-

sive hydrolysis of Al on montmorillonite as compared to ver-

miculite reflects lower charge densities of the former

phyllosilicate. Jackson (1960) and Rich (1970), however,

suggested that narrow and more extensive interlayer spaces

with high charge densities may provide a more favorable en-

vironment for Al hydrolysis. Hydrolysis of organically

bound A1 has been shown to be a major source of buffering in

acid soils (Coleman and Thomas, 1967; Bloom et al. 1979) and

V White and Thomas (1981) suggest that weakly acidic carboxyl

groups of organic matter act as sinks for protons released

during the hydroylsis and polymerization of Al. Investigat-

ing the interactions of partially neutralized A1 solutions

with kaolinite, Hodges and Zelazny (1983a,b) suggested Al

hydrolysis is initially enhanced in the presence of the clay

but with increasing aging dehydroxylation of hydrolyzed Al
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results. The former contention supports previous studies

which suggested that kaolinite could act a template for the

precipitation of Al (Barnhisel and Rich, 1965; Turner and

Brydon, 1967).

The complex interactions between aqueous and adsorbed

Al are a source of much confusion. Little is known about

the mechanisms and transformations of adsorbed Al in soils.

In this study, we investigate some of the mechanisms of mo-

nomeric and polymeric Al adsorption on various soil constit-

uents.

3.3 MATERIALS AND METHODS
I

3.3.3 Sample Preparation

Samples of poorly crystalline Georgia kaolinite and Ar-

izona montmorillonite ("Cheto") were obtained from the Clay

Minerals Repository, Dept. of Geology, Columbia, Mo. Size

fractionation of the kaolinite was avoided to prevent possi-

ble concentration of trace impurities in the sample. Hodges

and Zelazny (1983a,b) found no significant contaminants in

this kaolinite with regard to Al sorption. Montverde peat

(Evic, hyperthermic, Typic Medisaprists) from Palm Beach

County, Fa., was lightly crushed and dry sieved through a

0.075 mm screen. Chemical and physical properties of this
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sample have been reported by Zelazny and Carlisle (1974).

Gibbsite (Reynolds Metal Company) and micron-sized silica

(Min-U-Sil-5) were fractionated by standard methods and the

<2- um sample retained. Gibbsite purity was excellent as

determined by differential scanning calorimetry. All sam-

ples were Ca-saturatmd by exhaustive leaching with 0.5 M

CaCla. Entrained salts were removed by· several washings

with 0.01 M CaCl2 followed by washing with distilled water

until a negative test for Cl' was obtained by AgN03. Dupli-

cate subsamples of the Ca-saturated kaolinite, montmorillo-

nite, peat, gibbsite, and quartz were extracted with five

50-mL aliquots of 0.1 M MgClZ and the cation exchange capac-

ity (CEC) determined as 16.8, 1130, 1550, 0.5, 2.6, mmole

kg", respectively.

3.3.2 gl Solution Preparation

An acidified stock containing 0.01 M AlCl3 was prepared

using reagent-grade A1Cl3.6HZ0. The amount of added acid

was such that the diluted solution had a pH of 2.63. This

insured that all Al initially present was trivalent (Baes

and Mesmer, 1976; Stol et al., 1976). Partially neutralized

Al solutions containing 1.0 x 10" M AlCl3 (2.70 ug
mL°‘

Al)

were prepared by adding 10 mL of the stock solution to a li-
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ter volumetric flask and diluting the sample nearly to vo-

lume with CO2 free distilled water. A known amount of CO2

free 4.19 x 10'3 M NaOH was added to the dilute Al solution

using a Radiometer Autoburette so as to neutralize free acid

and attain a basicity of 1.0. Base was injected into the

rapidly stirred Al solution through a 0.2 mm opening in a

tube immersed below the liquid surface. The rate of base

addition was 0.086 mL min" and the temperature of the mix-

ture was kept at approximately 300 K. Following the addi-

tion of base, the solution was made to volume using CO2 free

water, mixed and stored under an N2 atmosphere. The solu-

tion was used in the miscible displacement studies within 40

h of its final preparation. Preliminary studies have shown

this solution to be stable for at least 260 h (Table 1)

which was more than adequate for our purposes.

2 §.Q.3 Miscible Displacement Experiments

Aluminum sorption on the various exchangers was studied

by miscible displacement methods. Samples of 250-mg Ca-sa-

turated kaolinite, gibbsite, and silica were placed sepa-

rately in suspension with distilled water and syringe in-

jected into 47 mm inner diameter filter apparati containing

1.0 um nuclepore filters. Homogenous suspensions of 20-mg
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Ca-montmorillonite and 15-mg Ca-peat were syringe injected

into filter apparati of 20 mm inner diameter containing 0.2-

mn Gelman filters. Preliminary studies indicated that Al

was nonreactive with the filters (See appendix A). The sam-

ples were then leached for ~l6 h at a flow rate of ~50 mL

hr°‘ with the dilute, partially neutralized Al solution and

effluent was collected in -15 mL aliquots with an automatic

fraction collector. After the Al sorption process was ter-

minated, excess solution in contact with the exchanger solid

was removed using suction. The samples were immediately

leached with 50 mL of 0.10 M BaCl2 (pH 4.7) at a rate of 50

mL h" to obtain the amount of BaClZ-extractable Al availa-

ble. Upon termination of the BaCl2 leaching process, en-

trained solution was again removed from the samples before

leaching subsequently with 25 mL of 0.002 M MgSO, in order

to determine the basicity characteristics (OH/Al mole ratio)

of nonexchangeable Al (Hodges and Zelazny, l983a,b). All

_ studies were done in duplicate and conducted under isother-

mal, isobaric conditions (301-303 K and atmospheric pres-

sure, respectively). The concentration of Al was chosen to

mimic that of a moderately acid soil solutions.
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3.3.4 Analytical Procedures
u

The effluent obtained during Al sorption on the various

soil constituents was analyzed for Ca using atomic absorp-

tion spectrophotometry (AAS), for titratable acidity with

CO2 free NaOH in an N2 atmosphere using a Radiometer auto-

matic titration system, and for Al by a colorimetric method

using ferron (8—hydroxy-7-iodo-5-quinoline-sulfonic acid).

The Bäclz extract solutions were analyzed as above and for

extractable Na to account for displacement of Ca by Na. The

MgSO„ extract solutions were analyzed for· Mg using AAS.

Effluent Al was analyzed as rapidly as possible with no sam-

ple aging more than 12 h.

The colorimetric method used for analysis of Al was si-

milar to that proposed by Bersillon et al. (1980) except or-

- thophenanthroline was added to the ferron solution to com-

plex any free iron. Since ferron—Al interactions are

kinetically controlled, it is possible to distinguish bet-
”

ween Al monomers and Al polymers in solution (Hem and Rober-

son, 1967; Smith, 1971; Seip et al., 1984). Difficulty ar-

ises in deciding the termination point of monomer

interactions with ferron and subsequent initiation of polym-

er interactions. To determine this, a 10 ug mL°‘ Al stock

solution was prepared by dissolving prescoured Al metal in a

dilute HC1 solution and adjusting to volume using distilled
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water. Aluminum standards were prepared from this stock and

all had a pH below 3.0 insuring that Al was trivalent. The

interaction of standards with ferron color developing solu-

tion gave a pH of approximately 5.2 indicating that the

acidity of standards did not influence normal color develop-

ment (Bersillon et al., 1980). Ferron interactions with the

trivalent Al standards were 90 to 95% complete within 0.5

min and 100% at 2.0 min. In samples which contain both mo-

nomeric and polymeric Al, the polymers may begin to break —

down and react with ferron after 0.5 min due to substantial

loss of monomers within this time period. Thus, we assume

that the equilbrium shift from monomer to polymer interac-
A

tions with ferron occurs at 0.5 min. We render a 5 to 10%

loss in monomer detection and an even lower loss in polymer

detection. Since the standard curve must be conditioned at

0.5 min, the calculation of total Al involves correcting the

final value obtained from the original standard curve to a

_ curve where the standards have become stable (i.e. 2.0 min).

The correction is on avg 5%. A more precise and accurate

method for the speciation of monomeric and polymeric Al us-

ing ferron has been recently developed by the author but un-

fortunatly was not used in the particular study. The reader

is refered to Chapter V of this publication.
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§.ä.§ Calculations ’ -

The average basicity (OH/Al mole ratio) of effluent Al

and BaCl2 extractable Al was calculated as follows:

OH/Al = 3_ titrated acidity (meq) (1)
Al by fernmi mnole)

The average basicity of adsorbed Al was determined by:

OH/A3 - 3-unoles Al aäxxted

where the meq. of adsorbed Al was taken as the difference

between the meq. of desorbed Ca and the meq. of extracted

Na. The average basicity of nonexchangeable Al was obtained

by:

OH/Al = 3_ charge reduction (meq) (3)
nonexchangeable Al (uuole)

where the mmoles nonexchangeable Al was calculated from the

difference between adsorbed Al and BaCl2 exchangeable Al and

the reduction of CEC was assumed equal to the meq. of nonex-

changeable Al.
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3.4 RESULTS ‘ '

Effluent Al as a function of time for Ca—saturated kao-

linite, montmorillonite, and peat displacement experiments

are shown in figs. la, 2a, 3a. In general, the curves ex-

hibit a rapid initial concentration increase which gradually

slows and continues to long times. The transition between

the rapid and slow Al concentration increase corroborates

with the termination of desorbed Ca elution (Figs. la, 2a,

3a). This suggests that the initial rapid reaction involves

Al-Ca exchange while further Al adsorption reflects none-

lectrostatic interactions. »The mechanism of this latter in-

teraction will be discussed later in the paper.

The relative concentrations of monomeric and polymeric

Al adsorbed [1-(effluent monomer or polymer concentration/

influent monomer or polymer concentration)] on kaolinite as

functions of time reveal preferential adsorption of Al po-

lymers (Fig. lb). Although both monomeric and polymeric Al

exhibited equivalent decreases in adsorption with time, the

fraction of total polymers adsorbed was always greater than

monomers. Effluent Al basicities as a function of time for

the kaolinite displacement experiment also suggest preferred

adsorption of Al polymers on this phyllosilicate (Fig. lc).

Since basicities represent an average of all Al species in a

system, inferences regarding exact speciation cannot be
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drawn. Nevertheless, initially low effluent basicities im-

ply that higher basicity Al species, most likely Al polym-

ers, are removed from solution by adsorption on kaolinite.

Effluent basicities increase with time but consistently re-

main less than the influent basicity again suggesting polym-

er preference on kaolinite at long times.

Interactions of Al with montmorillonite suggest an ini-

tial preference for monomeric Al followed by polymer prefer-

ence at longer times (Fig. 2b). The decrease in monomer ad-

sorption with time was much more rapid than the decrease in

polymer adsorption reflecting the ability of montmorillonite

to accumulate Al polymers in interlayers (Veith, 1977,

1978). The selectivity reversal for monomers and polymers

of Al on montmorillonite is also evident from effluent ba-

sicities of the phyllosilicate as a function of time (Fig.
·

2c). Initially high effluent basicities imply that low ba-

sicity Al species, most likely Al monomers, are removed from

solution and adsorbed on montmorillonite. As leaching con-

tinues, effluent basicities monotonically decrease below the

influent basicity reflecting accumulation of Al polymers in

interlayers of montmorillonite.

The fractions of total monomeric and polymeric Al ad-

sorbed on peat as a function of time were nearly equal sug-

gesting similar selectivity of both forms of Al (Fig. 3b).
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However, effluent Al bascities as a function of time for the

peat displacement study qualitatively suggested selective

adsorption of A1 polymers on the adsorbent (Fig. 3c) since

effluent basicities consistantly remained less than the in-

fluent basicity. The effect is difficult to quantify since

average basicities provide limited information about Al se-

lectivity. Bloom et al. (1979) have suggested the preferen-

tial adsorption of Al polymers on organic matter, however,

Bloom (1981) cautioned that the adsorption of large Al po-

lymers by peat may be limited by the geometry of the adsor-

bents carboxyl sites.
7

3.5 DISCUSSION

The rapid interaction of Al on Ca-saturated kaolinite,

montmorillonite, and peat involves Al-Ca exchange while

further Al adsorption reflects nonelectrostatic interactions
' (Figs. la, 2a, 3a). The latter reaction was much less sig-

nificant on peat relative to the phyllosilicates. The non-

electrostatic interaction of Al with the exchangers is be-

lieved to involve Al polymerization on the solid phase and

is supported by the following discussion.

Potentiometric titration curves of effluent from the

kaolinite, montmorillonite, and peat displacement experi-
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ments revealed the presence of H+ inflections whereas titra-

tion curves of influent show no such inflections (Fig. 4).

The presence of H+ ions in the effluent suggests the en-

hanced hydrolysis of Al in the presence of the adsorbents.

The more pronounced H+ inflection on the titration curve for

kaolinite effluent relative to the montmorillonite and peat

effluent suggests the degree of Al hydrolysis on kaolinite

is much more extensive. This point is seen more clearly by

calculating the quantity of effluent H+ from potentiometric

titration curves for the various displacement experiments as

a function of time (Fig. 5). The quantity of H+ in the

effluent for the kaolinite displacement experiment initially

increases quickly to a maximum before gradually decreasing

with continued leaching (Fig. 5). A more gradual and less

dramatic increase of effluent H was noted for montmorillo-

nite and peat followed by a slow decrease for the former ad-

sorbent at longer times. Unfortunately, potentiometric ti-

. trations were not conducted on effluent Al at longer times

for the peat displacement study, however, a decrease in

effluent H with time would most likely occur. The larger

quantity of H+ in the kaolinite effluent as a function of

time relative to the montmorillonite and peat, suggests the

degree of Al hydrolysis on kaolinite is much more extensive.
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Variations in effluent H with time indicate the loss of

Al from solution is indeed the result of adsorption and not

solution precipitation. The latter would result if the so-

lution. phase was supersaturated with respect to gibbsite

when in contact with the adsorbent and effluent H would be

constant as a function of time for these transient condi-

tions. This is not the case for the displacement experi-

ments presented and it appears that the loss of Al from so-

lution is the result of adsorption onto the exchangers. The

partially neutralized Al solution with no adsorbent (infl-

uent) was also not supersaturated with respect to gibbsite

and was stable for at least 260 h (Table 1).

Enhanced hydrolysis of Al in the presence of kaolinite,

montmorillonite, and peat is also reflected in the high av-

erage basicity values for adsorbed, exchangeable, and nonex-

changeable Al (Table 2). Basicities were higher for kaoli-

nite followed by montmorillonite and peat in agreement with

the inferred degree of Al hydrolysis on the adsorbents

(Figs. 4 and 5). This is consistent with the fact that alt-

hough the amount of BaC12-extractable Al was similar for all

adsorbents, the fraction of polymeric Al extracted was high-

er for kaolinite than for montmorillonite and peat (Table

2). The average basicities for exchangeable and adsorbed Al

for the various displacement experiments were also higher
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than the average basicity of influent Al Ii.e. OH/Al = 1.0).

This suggests both the preferential adsorption of Al polym-

ers and the enhanced hydrolysis of adsorbed Al by the ex-

changer. High basicity ·values for· nonexchangeable Al on

kaolinite and montmorillonite suggest the fixation of large

hydroxy—Al polymers resulting from both adsorption from so-

lution and extensive polymerization of surface bound Al (Ta-

ble 2). The lower basicity value for nonexchangeable Al on

peat implies that polymer adsorption and polymerization of

surface bound Al are not as prevalent on this exchanger.

This is consistent with the lesser amount of Al adsorbed by

non-electrostatic interactions of Al with peat relative to

the phyllosilicates (Figs. la, 2a, 3a). Hodges and Zelazny

(1983a) have also found that kaolinite and montmorillonite

fix A1 of high basicity whereas peat tends to fix Al with

basicities very near that of the influent solution.

Independent investigations of Al adsorption on < 2 um

ß gibbsite and quartz from partially neutralized Al solutions,

revealed negligible adsorption of Al. These minerals were

used to mimic Al reactions on exposed octahedral surfaces

and tetrahedral edges of phyllosilicates, respectively. The

negligible adsorption on these minerals indicates that Al

most likely is not binding to the uncharged octahedral sur-

faces and tetrahedral edges of kaolinite and montmorillo—
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nite, but rather electrostatically-bound Al on kaolinite and

montmorillonite may serve as a template for adsorption of

more Al. Thus, the slow secondary reaction of Al on these

phyllosilicates and peat may reflect Al polymerization on

the solid phase.



U
Chapter IV

KINETICS AND MECHANISMS OF ALUMINUM ADSORPTION
ON KAOLINITE USING A TWO-SITE NONEQUILIBRIUM

TRANSPORT MODEL

4.1 ABSTRACT

Kinetics of Al adsorption on Ca-kaolinite at selected

concentrations, pH, and column lengths were studied using a

misicible displacement technique. Observed breakthrough

curves (BTC) for continuous injection of pH 4.3, O.75 — 7.75

ug mL" Al solution were well-described by a two-site none-

quilibrium transport model which assumes that sorption sites

can be divided into two fractions: (1) instantaneous equi-

librium sites and (2) sites following first—order reversible

kinetics. Independent Verification of the fitted parameter

B, related to the fraction of type-1 equilibrium sites, was

'- possible by assuming negative surface charge sites of kaoli-

nite were in local equilibrium with. the solution phase.

Confirmation of the fitted parameter R, which is a measure

of the total Al adsorbed, was not possible due to the non-

singular nature of the equilibrium adsorption isotherm.

First-order rate coefficients (a) for Al adsorption on kao-

linite were unaffected by column length. Effects of infl-

59
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uent Al concentraion on a were small but suggested that ki-

netic reaction of Al with kaolinite was not strictly first-

order. Decreasing the pH of influent solution from 4.3 to

4.0, eliminated type-2 kinetic sites. These effects indi-

cate that kinetic reactions involve Al polymerization, on

kaolinite while equilibrium reactions reflect Ca-Al ex-

change. This scenario is supported by Ca desorption data of

the effluent and by potentiometric titrations of effluent

solutions.

4.2 INTRODUCTION

Analyses of reactive solute transport in porous media

often assume local equilibrium occurs between solution and

I solid phases. The inadequacy, in many instances, of this

assumption has spurred the development of more complex con-

ceptual models (e.g. Villermaux, 1974; van Genuchten and

Wierenga, 1976; Selim et al., 1977; Bhattacharya and Gupta,

1979; Chu and Sposito, 1981; Parker and Jardine, 1986) One

approach has been to assume disequilibrium results from

stagnant zones creating diffusional barriers between reac-
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tion sites and the mobile fluid phase (Skopp and Warrick,

1974; De Smedt and Wierenga, 1979; Rao et al., 1980; Nkedi-

Kizza et al., 1983). Other investigators have considered

disequilibrium due to chemical kinetics of various reactions

in heterogeneous systems (Cameron and Klute, 1977; Mathews

and Weber, 1980; Chu and Sposito, 1981; Fluhler and Jury,

1983; Mironenko and Pachepsky, 1984). The latter models,

commonly known as two-site nonequilibrium models, have been

successfully employed to describe transport of a number of

organic and inorganic species in soils (Hoffman and Rolston,

1980; Fluhler and Jury, 1981; van Genuchten, 1981).

Much research has been conducted on the interactions of

Al with various adsorbents although few studies have ad-

dressed Al transport through porous media. The physical and

chemical processes that govern solid-solution partitioning

of' Al are numerous and complex (Columbera, et al. 1971,

Brown and Hem, 1975). Several reports indicate that Al hy-

Y drolysis is enhanced in the presence of a charged adsorbent

(Hsu and Bates, 1964; Veith, 1977) while others contend the

reverse (Frink and Peech, 1963). In recent investigations

of the interaction of dilute, partially neutralized Al solu-

tions with kaclinite, Hodges and Zelazny (1983 a,b) reported

enhanced hydrolysis of Al in the presence of clay and found

that Al was bound far in excess of the CEC. These findings
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support previous investigations which suggested that kaoli-

nite could act as a template for the precipitation of Al

(Barnshisel and Rich, 1965; Turner and Brydon, 1967).
l

Little is known about the rates and mechanisms of Al

sorption on various soil constituents. In this study, we

investigate the kinetics and mechanisms of Al sorption on

kaolinite by applying a two—site nonequilibrium transport

model to transient displacement experiments,

4.3 MATERIALS AND METHODS

4.3.1 Theoretical

To analyze transient displacement experiments, we will

employ the transport model of Selim et al. (1976) and Camer-

on and Klute (1977) which assumes that sorption sites may be

partitioned into two types. Adsorption on "type—l" sites is

assumed to be instantaneous and reversible, while adsorption

on "type—2" sites is assumed to follow reversible first—ord—

er kinetics.

One—dimensional transport of a single reactive solute

species during steady fluid flow in a homogeneous system is

described by the convective-dispersive equation

6 at 61; ESP? ax (4)
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where s is the tota1·adsorbed solute mass per unit mass of

solid, cr is the resident concentration of solute in the li-

quid phase, p is the porous medium bulk density, 9 is the

Volumetric water content, D is a dispersion coefficient re-

flecting combined effects of diffusion and hydrodynamic dis-

persion on transport, V is the mean pore water Velocity, t

is time, and x is distance. At equilibrium, the interaction

of solute with both type-1 and type—2 sites is assumed to be

described by linear (or linearized) isotherms

sl = kl cr (5)

:FkCI_

sz = kg cr (6)

= (l —F)k cx-

where subscripts 1 and 2 refer to type-1 and type—2 sites,

k=kl+k2 is a net distribution coefficient, and F=kl/k is the
fraction of type-1 sites present.

‘
Because type-1 sites are always in equilibrium, it fol-

lows that,

ösl = Bcx 7Bt Fköt ()

The adsorption rate for type—2 sites is described by

gg; = a {(1 —F)k cr — sg} (8)
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where a is a first-order rate coefficient. Substituting

Eqn. 7 into 4 and noting that s=sl+s2 yields

(9)

Equations 8 and 9 are solved subject to a uniform

equilibrium initial condition and first—type inlet boundary

condition for a semi-infinite medium appropriate for conti-

nuous injection and for flux-averaged solute detection in

the effluent (Parker and van Genuchten, 1984). The solution

is cast in nondimensionalized form and it will be convenient

for discussion purposes to introduce the following scaled

variables.
I

T = vr;/L (10)

P = vL/D (11)

Rl= 1 + pkl/6 (12)

R = 1 + pk/Sp (13)
l

B = R1/R (14)

w = <1(l ‘ B)RT-/V (15)
u

E = (ce — ci)/(CO — ci) (16)

where L is the column length, T is the number of eluted pore

volumes, P is a column Peclet number, R1 is a retardation
factor associated with type·l sites, R is a net retardation
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factor, B and w are reduced site distribution and rate cons-

tants, respectively, and E is the reduced effluent concen-

tration with ce the effluent concentration, ci the initial
concentration and co the influent concentration.

For the miscible displacement experiments studied here

involving Al solutions passing through Ca—kaolinite, values

of the reduced parameters w, R, B, and P (corresponding to

original parameters ¤, k, F, and D) are evaluated by fitting

measured E(T) data to the mathematical model by least-

squares inversion as described by Parker and van Genuchten

(1984). Independent estimates of R and B from batch experi-

ments were also evaluated for comparison with fitted values.

It is assumed that Al-Ca exchange on kaolinite will be vir-

tually instantaneous (type—l sites) while type—2 behavior

will arise due to non-electrostatic adsorption associated

with surface Al polymerization reactions. Accordingly, an

estimate of type-l sites on kaolinite is made from Ca-Mg ex-

change capacity (CEC) measurements with the linearized ad-

sorption coefficient estimated as

kg = Uk/co (17)

where ck is the CEC of kaolinite expressed as an equivalent

adsorbed mass of Al*3 per unit solid mass. Estimates of the

adsorption coefficient kä for cellulose powder used as

filler in the displacement experiments were similarly evalu-

ated. The net kl was then calculated as
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kl.: pk kkf °° ki
I

um

where superscripts k and c represent kaolinite and cellulose

and pk and pc are masses of each component per unit total

column volume. Given kl, the retardation factor R1 may be
obtained from Eqn. 12.

Estimates of kk=k¥+k; were made from isohaline
batch equilibrium isotherms of Al on Ca—kaolinite by assum-

ing the area under a linearized isotherm is equal to that

under the actual isotherm, i.e.:

Co co
kkf cr dcr

=j‘
sk (cr) dcr (19)

Ci Ci

where sk(cr) is the experimental isotherm (van Genuchten,

1981). The corresponding value of k and hence R for the po-

rous medium with cellulose filler was calculated in a manner

analogous to Eqn. 18. Preliminary tests showed and

since Al adsorption on cellulose was on average less than 5%

of the total, no distinction between kc and kä was made.



67

$:2:2 läqxmimental

$.2.2.2 Sample Preparation
e

Samples of poorly crystalline Georgia kaolinite, ob-

tained from the Clay Minerals Repository, Columbia Missouri,

and Whatman CF1l fibrous cellulose powder were Ca—saturated

by exhaustive leaching with 0.5 M CaCl2. Entrained salts

were removed by several washings with 0.01 M CaCl2 followed

by washings with distilled water until a negative test for

Cl' was obtained using AgN03. Fractionation of the kaoli-

nite was avoided to prevent possible concentration of trace

impurities in the sample. Hodges and Zelazny (1983 a,b)

found no significant contaminants in this kaolinite with re-

gard to Al sorption. The CEC of the kaolinite and cellulose

was determined by Ca-Mg exchange and was found to be 16.8

and 2.2 mmole kg'*, respectively.

$.2.2.2 $2 Solution Preparation

2 An acidified stock containing 0.02 M AlCl3 was prepared

using reagent-grade AlCl3•6H20. The amount of added acid

was such that the diluted solution had a pH of 2.65. This

insured that all Al initially present was trivalent (Baes

and Mesmer, 1976). Un-neutralized Al solutions ranging from

2.78 x 1O'5 to 2.87 X 10" M AlCl3 (0.75-7.75 ug mL" Al)

were prepared by adding a known volume of the stock solution
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to a one liter volumetric flask and diluting the samples

with distilled water. Where pH adjustments were required, a

known amount of dilute HC1 was added to the Al solution pri-

or to dilution. All solutions had a pH very close to 4.30

except those involved in the variable pH study in which so-

lution pH ranged from 3.97 to 4.30. The pH adjustments were

monotonic and hydroxyl ions were never added to the solu-

tions. Experimental and theoretical investigations suggest-

ed that the un-neutralized, dilute Al solutions were primar-

ily trivalent A1 (A1*3) and were very stable with time.

4.3.g.ä Miscible Displacment Experiments

The kinetics of A1 sorption on kaolinite were studied

using a miscible displacement technique. A sample of 250 mg

Ca—kaolinite was mixed with varying amounts of Ca-cellulose

(0-1.50 g) and placed in suspension with 7.5 x
l0’5

M CaCl2.

A Plexiglass columns of 10mm inner diameter were fitted with l

um nuclepore filters supported on porous plastic disc at the

column exit. Preliminary studies indicated that Al was non-

reactive with the filters (See appendix A). Columns of var-

ying length were prepared by wet packing kaolinite—cellulose

mixtures under suction. They were then leached at a cons-

tant flow rate (Table 3) with dilute Al solution until the
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_

effluent concentration nearly equaled that of the influent.

Effluent of known volume was collected with an automatic

fraction collector. All kinetic studies were conducted at

300 IC and atmospheric pressure. The concentration of Al

used in this study was chosen to mimic that of a moderately

acid soil solution.

g.3.g.g Analytical Procedures

Effluent obtained during kinetic analyses of Al sorp-

tion on kaolinite were analyzed for Ca using atomic absorp—

tion spectrophotometry and for Al by a colorimetric method

using ferron (8—hydroxy—7-iodo—5-quinoline—sulfonic acid).

The latter method is similar to that proposed by Bersillon

et al. (1980) except 1,10-phenanthroline was added to the

ferron solution in order to complex any free iron. Several

effluent solutions were also analyzed for titratable acidity

_ using a Radiometer automatic titration system. The porosity

and column lengths of the medium were measured for each ex-

periment (Table 3). These measurements were made by conven- ·

tional direct methods except for the case of the ca. 3 mm

column with no cellulose filler. In order to determine the

height of this column, the solid phase volume was calculated

from the measured clay density and total mass. The total
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sample volume was then calculated from the measured (satu-

rated) water content and solid volume to obtain the sample

length as the ratio of total volume and cross sectional

area.

4.3.g.Q Bgpgp Egpilibrium Adsorption Experiments

Known amounts of Ca-kaolinite, ranging from 0.01-1.00

g, were added to 100 mL polyethylene centrifuge tubes and

mixed with 50 mL of 1.90 x 10" M A1Cl3 (pH 4.30). The sam-

ples were sealed and shaken periodically for six days under

constant temperature conditions (300 K). Preliminary inves-

tigations indicated this period of time was sufficient to

attain equilibrium. The samples were then centrifuged and

the supernatant analyzed for Al using the ferron procedure.

Aluminum adsorption was taken as the difference between ini-

tial Al in solution and that remaining after equilibration.

4.4 RESULTS AND DISCUSSION

Observed Al breakthrough curves (BTC) for the Ca-kaoli—

nite displacement experiments are shown in Figures 7-16

along with two-site model fitted curves using optimized va-

lues of parameters P, R, B, and w. In general, the curves
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exhibit a rather abrupt but retarded initial concentration

increase followed by extended tailing' which continues to

long times. The abruptness of the initial breakthrough re-

flects the high column Peclet numbers (Tables 4-6) resulting

from uniform packing. In the context of the two-site model,

the initial increase in concentration should reflect satura-

tion of type-1 sites (after R1 pore volumes) while the dura-

tion of tailing is governed by the rate constant for type—2

sites.

Fitted Al BTC using the two-site model, shown as smooth

curves in Figures 7-16, indicate quite good agreement with

measured data. This does not necessarily substantiate the

model since curve fitting may simply compensate for experi-

mental artifacts. Thus, we wish to investigate possible in-

dependent means of evaluating the model parameters R and B.

Consider first the estimation of R from the Al adsorption

isotherm (Fig. 6). Following linearization with Eqn. 19 and

correction for cellulose (ranging from 0 — 10% of the kaoli-

nite adsorption capacity) R values denoted as Rcalc were ob-

tained which ranged from 0.95 - 2.95 times the fitted values

(Tables 4-6). Several reasons seem apparent for these devi-

ations. Colwell and Dranoff (1971) and Reardon (1981) have

suggested that the application of a linear adsorption model

to nonlinear processes may yield erroneous transport parame-
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ters. Recently, however, Valocchi (1984) reported that such

applications may yield minimal error if dispersion is low

(i.e. high column peclet number). In this study the peclet

numbers were all greater than or close to 50 (Tables 4-6).

Thus it seems improbable that the linearization technique is
A

responsible for the observed discrepancy between fitted and

isotherm—derived R values.

Another more likely reason may be related to the non-

singular nature of the isotherm. Unique, single-valued ion

adsorption isotherms can only be obtained for binary systems

kept at constant ionic strength and temperature. Later in

the manuscript it will be shown how the hydrolysis of Al is

enhanced in the presence of kaolinite. As the process oc-

curs, HI ions are excluded from the hydration waters sur-

rounding the ion. Thus, it appears that the assumed binary

system is at least ternary. Since the isotherm is not uni-

que, it is understandable why R values obtained from the

_ "isotherm" are dissimilar to those indicated by the column

experiments. The R values obtained from the latter method

will closely correspond to the areas above the E versus T

curves which indicate the total Al adsorbed. This is ap-

proximated to within small error thus yielding estimates of

R which are more meaningful for transient conditions than

batch isotherm values.
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Independent estimates of R1 were obtained from CEC mea-
surements and BcalC=R1/R calculated from these R1 values and
BTC-fitted R values. The calculated B compare well with

BTC-fitted values (Tables 4-6) suggesting that the exchange

sites of kaolinite, initially saturated with Ca, did indeed

act as type-1 sites in local equilibrium with the solution

phase. This is further supported by the simultaneous termi-

nation of Ca desorption with the change in slope of the Al

BTC (Fig. 7). Recall the initial concentration increase of

the Al BTC reflects saturation of type-1 sites. Slight de-

viations of CEC-calculated B values with the BTC-fitted va-

lues may reflect the variable charge nature of the kaolinite

in the presence of a system whose pH is altered by Al hydro-

lysis. The general agreement between values of B, however,

supports the validity of the model as a mathematical approx-

imation for describing Al reactions on kaolinite.

Breakthrough curves which were fit by the two-site mo-

. del were characterized by a rapid initial concentration in-

crease followed by extended tailing. The slope and duration

of the tailing is governed by the rate coefficient (¤) for

type-2 sites which are kinetically controlled. Varying co-

lumn length, while holding influent Al concentration and pH

constant, produced no consistant effect on values of a (Ta-

ble 4, Figs. 8-ll). The low value for a obsmnmdlümrthe
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shortest column may reflect the slower velocity at which the

influent solution was leached through the clay (Table 3).

If slower velocities caused reaction kinetics to be governed

by diffusive mass transport, a could become dependent on v

(Nkedi-Kizza et al., 1983). The impervious nature of this

system, which had no cellulose filler, resulted in severe

back-pressures which limited the pump's ability to maintain

a higher flow rate. Because clay mass was held constant,

increasing column length resulted in lower clay density pk

(Table 3) thus causing R to decrease with increasing L (Ta-

ble 4).

Variations of influent Al concentration, at nearly

constant pH and column length, appeared to have a slight ef-

fect on predicted a values (Table 5, Figs. 7,l0,l2,13, and

14). If the reaction is strictly first-order, a should be

independent of the influent concentration of Al. Since the

present system varies in its concentration of H3O* and Al as

transport occurs, deviations from first-order kinetics may

be expected. The enhanced hydrolysis of Al on the kaolinite

will result in a system which is at least second-order. Ne-

vertheless, it appears that quasi-first-order kinetics

serves as a good approximation of this transport problem for

given influent characteristics. Calculated and fitted va-

lues for Rl=Rß decreased as the concentration of influent Al
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increased (Table 5).‘ By assuming ck constant in Eqn. 17,

fewer pore volumes of higher concentration influent would be

required to saturate the CEC of kaolinite thus reflecting

smaller R1 values. A similar argument may be used for the

decreasing values of R with increased concentration of in-

fluent Al (Table 5). The high Rfit value for experiment 7

and low Rfit value for experiment 8 may reflect the higher

and lower influent pH values, respectively (Table 3).

Effects of influent Al solution pH on the reaction of

Al with kaolinite were investigated for constant influent Al

concentration of 1.50 ug mL°* and a column length of =3.9 mm

(Table 6, Figs. 12, 15, and 16). Adjusting the pH from 4.28

to 4.08 resulted in a substantial loss of the slower kinetic

reaction as noted by larger predicted values of B and small-

er predicted values of R (Table 6, Figs. 12 and 15). Lower-

ing the influent pH to 3.97 completely eliminated the slower

kinetic reaction and the observed Al BTC was well—predicted

by a one-site equilibrium model (Table 6, Fig. 16). This

latter model is a degenerate form of the two—site model

which considers type-1 sites only. The simultaneous termi-

nation of Ca desorption and Al adsorption evident from the

BTC at pH 3.97 confirms that the negatively charged exchange

sites of kaolinite are in local equilibrium with the solu-

tion phase. The predicted R, obtained for Al adsorption at
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pH 3.97 was found to be 14.7. This value compares well with

the R1 values obtained for Al adsorption at the same infl-

uent concentration but of pH 4.28 and 4.08 which were 16.7

and 15.7, respectively. When the pH of the influent Al so-

lution was lowered below pH 3.8, dissolution of the kaoli-

nite structure occurred and Al was released from the octahe—

dral layer of the clay. Theoretical calculations assuming

kaolinite in equilibrium with gibbsite and soil-silica con-

firmed that kaolinite dissolution does not occur until a pH

of 3.8 or below is obtained.

4.5 SUMMARY AND CONCLUSIONS

The present study has indicated the existence of at

least two mechanisms for Al adsorption on Ca—kaolinite. It

has been shown that equilibrium (type-1) reactions on kaoli-

nite involve Ca—Al exchange. Diffusive mass transfer limita-
-

tions across Nernst films apparently do not occur for sur-

face charge sites as long as the velocity of the influent is

relatively rapid. Kinetic reactions on kaolinite are infer-

red to involve Al polymerization. Potentiometric titration

performed on effluent Al indicated an increase in the H*

concentration as Al reacts with kaolinite. The titration

curves exhibited a small H* inflection which suggests en-



90

O
., W? 65

6

ZIlgEJ

$5 6
6:

°—°3:1§fé

5*7..56‘ éä„ g>=;;F6‘

1@35

= Hä
„c:<v

663:
:Q

*6, äé
Q E13

Q Q Q Y Q Q
·—• C) C) C} C} CJ

NOILHELNEDNOU CIHSVIGEH



l
9l

l W
CJ(T3

EE
=· ·

gg

55-, o
n' E i 5;

= SE, B 4 Ä im
„ wu.! nä

4-»
0 , fü2 2,59 " -1.95

: 4 I

= 4 > ää
:1 Q

:.-2

Ln.] 34 ° ‘;g4

S «—•

< @8
4 nä4Ü-

" _ 5; g
Igie4

=•.

559” ‘°
Q E38?C? 99 *9 T 9% C?

·-·• C) C) O O CJ

NOILHHLNEDNOU GEDÜGEH



92

hanced hydrolysis of·Al in the presence of kaolinite. Loss

of the kinetic reaction as influent pH was lowered also sup-

ports the hypotheses that these reactions are related to the

enhanced hydrolysis of Al on kaolinite. A higher concentra—

tion of H3O* in the influent would limit the potential hy-

drolysis of surface-bound Al. Independent investigations of

Al adsorption on < 2 um gibbsite and quartz from partially

neutralized Al solutions, revealed negligible adsorption of

Al (Jardine et al., 1985). These minerals were used to mim-

ic Al reactions on exposed octahedral and tetrahedral sur-

faces of kaolinite, respectively. The negligible adsorption

on these minerals indicates that A1 most likely is not bind-

ing to the uncharged octahedral and tetrahedral surfaces of

kaolinite, but rather electrostatically—bound Al on kaoli-

nite serves as a template for sorption of more Al. Since

there were minimal diffusive mass transfer limitations, it

seems that the a value is a measure of the chemical kinetics

of Al polymerization on the solid phase. This process, how-

ever, does not include surface polymerization of Al which

could occur without additional adsorption from the solution

phase.



Chapter V

MONONUCLEAR AND POLYNUCLEAR ALUMINUM SPECIATION
THROUGH DIFFERENTIAL KINETIC REACTIONS WITH

FERRON

5.1 ABSTRACT

The kinetic reaction of ferron

(8-hydroxy-7-iodo-5-quinoline-sulfonic acid) with partially

neutralized Al solutions of varying basicity and age were

investigated with the intent of seperating mononuclear and

polynuclear A1. Ferron solutions buffered with varying

quantities of NaOAc, NH2OH•HCl, and acetic acid suggested

that reduction of ferron by NH2OH•HCl may be essential be-

fore monotonically increasing absorbance vs. time functions

occur for Al reactions with ferron. When the latter reagent

is buffered with appropriate quantities of NaOAc and

_ NH2OH•HCl it must be aged for =5 days at room temperature

until ferron reduction has slowed. This solution remains

stable for =25 days and exhibits consistant kinetic reac-

tions with A1 during this time period. A large portion of

ferron interactions with partially neutralized Al of varying

basicity and age was described by a binary species first-

order rate function which predicted the rates of monomer and

93
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small polymer reactions with ferron asv well as the xnole

fraction of monomeric species present (fa). Predicted fa

are based on the differential kinetic reactions of ferron

with Al, thus arbitrary seperation times for determining mo-

nonuclear and polynuclear Al are avoided. Rate parameters

established for mononuclear Al solutions using a single spe-

cie first-order equation compared well with those determined

for mononuclear Al from partially neutralized solutions us-

ing the binary species model. Ferron reactions at longer

times were related to the decomposition of large Al polymers

which were well described by psuedo-first—order kinetics.

5.2 INTRODUCTION

e The chemical partitioning and speciation of aqueous A1

into its various organic and inorganic forms has received

much attention in recent years resulting from the complexi-

ties imparted by acid deposition on soil and the need for

analytical control of water treatment processes (Johnson et

al., 1981; Akitt and Farthing, 1981 a,b; Buffle et al.,

1985). Several colorimetric techniques have been employed



95

in an effort to partition mononuclear from polynuclear Al

species (Okura et al. 1962; Hem and Roberson, 1967; Blamey

et al., 1983; Seip et al., 1984). Based. on the kinetic

reaction of Al with 8-hydroxyquinoline, Turner (1969) dis-

tinguished three forms of A1 in partially neutralized solu-

tions. Mononuclear Al was assumed to react instantaneously

with the reagent, polynuclear Al was believed to be consumed

by a psuedo—first order reaction, and an initial solid phase

reacted by an apparent 2/3 order process. As the partially

neutralized A1 solutions aged, the quantity of polynuclear

Al species decreased to form a second type of polynuclear

hydroxy-Al cation which was much less reactive with

8-hydroxyquinoline than its precursor (Turner, 1976). Dis-

tinction of mononuclear from polynuclear and organic Al, as-

suming a 15 min and 15 sec reaction duration between the

former Al type and 8-hydroxyquinoline, has also been pro-

posed by Bloom et al. (1978) and James et al. (1983), re-

spectively.

The kinetic reaction of Al with ferron

(7-iodo-8-hydroxy-quinoline-5-sulphonic acid) has also been

utilized to partition mononuclear from polynuclear A1 spe-

cies (Smith and Hem, 1972; Schwan et al, 1981; Buffle et

al., 1985). Smith (1971) assumed that mononuclear Al react-

ed instantaneously with ferron, intermediate polymers react-
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ed by psuedo—first·order kinetics, and iaige polymers or in-

itial solid phases reacted with ferron extremely slow or

were totally inert. Bersillion et al. (1980) suggested that

at least four categories of soluble Al species exist in par-

tially neutralized solutions with mononuclear Al distin-

guished from the others by assuming a 30 sec reaction with

ferron. Distinction of monomeric from polymeric and organic

Al assuming a 30 sec reaction duration between the former Al

type and ferron has also been suggested by others (Hodges

and Zelazny, 1983a; Snodgrass et al., 1984; Jardine et al.,

1985). In agreement with the findings of Smith (1971), sev-

eral researchers have noted the reaction of ferron with po-

lymeric Al conformed to jpsuedo—first-order kinetics (Tsai

and Hsu, 1984; Parthasarathy and Buffle, 1985), with rapidly

reacting polymers gradually developing into another polymer-

ic species whose reaction with ferron was much slower (Tsai

and Hsu, 1985).

_ The following study evaluates the interaction of ferron

with Al under well defined experimental conditions which el-

iminate arbitrary separation of mononuclear and polynuclear

Al by wising the differential kinetic reactions of ferron

with partially neutralized Al solutions.
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5.3 MATERIALS AND METHODS
E

5.3.1 Experimental

5.3.1.1 Aluminum Detecting Reagent

The buffered ferron mixture used in the present study

to evaluate the forms of Al in partially neutralized solu-

tions was similar to that proposed by Bersillion et al.

(1980). The Al detecting reagent consisted of 55.6%, by vo-

lume, 2.85 X 1O'3 M ferron and 2.52 X
10°‘

M 1-10 phenanth-

roline buffered at pH 5.2 with 22.2% 4.3 M NaOAc, and 22.2%

0.48 M HC1 and 1.44 M NHZ0H•HC1. The individual solutions

were initially filtered through prewashed Gelman GA-6 0.45

um membranes (see appendix A) and the latter two buffer so-

lutions were combined prior to the addition of ferron. The

reagent was stored at room temperature in the dark. The

concentration of ferron in the final solution was =1 X 10'3

M which assured that the ferron" molecule was the only sig-

nificant species (Goto et al., 1974). As suggested by Ber-

sillion et al. (1980), the background color of the buffered

ferron mixture was found to decrease rapidly with age. The

mechanism of color loss was investigated by preparing three
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additional ferron mixtures; one which was buffered at pH 5.1

with buffering reagents described above but diluted 100X,

another which was buffered at pH 4.9 with glacial acetic

acid and =4 M Na0Ac, and a third which was not buffered but

diluted with an equivalent portion of distilled H20• The

final concentration of ferron in these solutions was again

=1 X l0'3 M and all solutions were stored at room tempera-

ture in the dark. The absorbance spectra of the four diffe-

rent ferron solutions were monitored for several months us-

ing a Beckman DU-7 UV-VIS spectrophotometer. The samples

were scanned at a rate of 600 nm min°‘ from a wavelength of

350 to 650 nm using distilled water as a blank.

5.3.1.2 Al-Ferron Kinetics

Partially neutralized 1 X
10°‘

M AlCl2 and preacidified

mononuclear Al solutions were made using methods described

_ by Jardine et al. (1985). The former solutions were pre-

pared by very slow addition of dilute NaOH (eg. 0.086 mL

min°‘) to preacidified AlCl2 solutions until basicities

(OH/Al) 0.22, 0.84, 1.88, and 2.31 were attained. 0ne mL

aliquots of the mononuclear or partially neutralized Al so-

lutions were placed in narrow bottomed polypropylene vessels

and 10 mL of the buffered ferron mixture was rapidly inject-
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ed into the sample using a repipet. ·Mixing was complete

upon injection and the sample was immediately aspirated into

a Hitachi spectrophotometer using a peristaltic pump. Ab-

sorbance changes were monitored at 370 nm as a function of

time on an automatic chart recorder. Injection and aspira-

tion of the sample into the cell of the spectrophotometer

utilized =2-3 sec. Mononuclear Al-ferron interactions were

monitored continuously for at least 90 sec at which time no

further increase in absorbance was detected. Partially neu-

tralized Al-ferron interactions were monitored continuously

for =300 sec until absorbance increases became slow. Fresh

samples of the aging mixture were then manually monitored at

known times for =2 hrs until absorbance increases were unde-

tectable. All kinetic studies were conducted at 298-300K.

5.3.2 Theoretical

‘
Partially neutralized Al solutions have been shown to

exist as a binary mixture of mononuclear and polynuclear Al

(Smith and Hem, 1972). The interaction of these species

with the common reagent ferron results in an irrevsible bi-

molecular reaction expressed as,

A+ R li-> c (20)
R + R

—k’-9->
c (2l)
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where A and B are concentrations in moles L" of mononuclear

and polynuclear Al, R is the concentration of the reagent,

kä and kb are the forward rate constants for monomers and
polymers, respectively, and C is a common product. Although

it has been suggested that polynuclear Al initially breaks

down to form mononuclear Al before reaction with ferron (Hem

and Roberson, 1967), the use of Eqn. 21 is justified since

the rate limiting step of the process is the degradation of

polymers to monomers if ka>>kb (Tables 8 and 9). If condi-

tions for the bimolecular reaction are adjusted so that a

50-fold or greater excess of reagent to reactant is impart—

ed, the two competing irreversible reactions can be de-

scribed by psuedo-first—order kinetic expressions with re-

spect to the reactant (Frost and Pearson, 1961; Mark and

Rechnitz, 1968):

At = AOa—ka*¤
_ (22)

Bt = BOe"kbt <22>

where A„ and B„ refer to the initial mononuclear and polynu-

clear Al concentrations in solution, and At and Bt refer to
their concentrations at any time t. Since A and B react

with ferron to form a common product, than

ct = AO — A + BO — B (24)
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C; - Ct = AOe"‘kö·t + Boe-kbt (25)

where C_=A„+B„ is the concentration of product at equilibri-

um and Ct is the concentration at any time t. Dividing Eqn.

25 by the total concentration, C_, and rearranging terms,

one obtains

Ejéggl (26)
where A„/(A„+B„)=fa which is the mole fraction of mononu-

clear Al in the initial solution. A plot of observed

(C_—Ct)/C_ vs. t (0-250 sec) was fit to Eqn. 26 using a non-

linear least-square inversion technique which provided pred-

icted values of ka, kb, and fa.

The two species rate equation (eg. Eqn. 26) was unable

to describe observed (C_-Ct)/C_ data at longer times, which

accounted for 7-22% of the entire reaction depending on the

basicity of the Al solution. Using a time delay analysis

technique (see Appendix B), this portion of the (C_-Ct)/C_
V

data was confirmed to exist as a seperate Al-ferron reaction

with different rate kinetics relative to the two reactions

which proceeded it. Tsai and Hsu (1984, 1985) have also

suggested the existence of this terinary reaction while in-

vestigating the interaction of ferron with hydrolyzed Al.

Allowing =150 sec transition between the secondary and teri-

nary reaction to assure completion of the former process,
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the observed data during the terinary reaction was described

by simple psuedo-first-order kinetics.

The reaction of ferron with mononuclear Al solutions

were described by a degenerate form of the model which con-

sidered only one specie (eg. psuedo-first-order kinetics).

5.4 RESULTS AND DISCUSSION

5.4.1 Chemical Properties gf the Aluminum Detecting
Reagent

The buffering of ferron solutions with NaOAc and

NH20H•HCl resulted in diminishing background color of the

mixture upon age. To investigate the mechanism of color

loss, absorbance scans were performed on several types of

ferron solutions which were either diluted with distilled

H20 (D•H2Ü) or buffered with varying quantities of NaOAc and

NH2ÜH•HCl or acetic acid (Fig. 17a). The absorbance spectra
4

of the freshly buffered ferron solutions were similar to

each other but differed markedly from the D-H20 diluted fer-

ron solution. The former solutions all contain NaOAc, with

two containing NHZÖH'HCl (scans A and B) and a third con-

taining acetic acid (scan C). Thus 0Ac' is the only const-

ituent common to all three solutions and its interaction

with ferron probally causes the observed shifts in the ab-
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sorbance spectra (Fig 17a). The interaction of acetate with

8-hydroxyquinoline, which is similar in composition to fer-

ron, has also been suggested by Turner and Sulaiman (1971).

As the unbuffered and buffered ferron solutions aged, no

changes in the observed absorbance spectra were detected for

the unbuffered or NaOAc-acetic acid buffered ferron solu-

tions for several months (Fig 17a, scans C,D). Ferron which

was buffered with NaOAc and NH20H•HCl revealed significant

decreases in absorbance peaks with time (Figs 17b,c). Since

the presence of acetate and water had no effect on ferron

absorbance with time, the observed absorbance decreases,

thus color loss, are the result of ferron reduction by

NHZ0H•HCl. Higher concentrations of NH20H•HCl resulted in

more rapid absorbance decreases which slowed considerably

after 7 days aging (Fig 17b). Lower concentrations of

NH20H•HCl with ferron resulted in significant, but slower

absorbance decreases for periods longer than one month (Fig

U 17c). Ferron reduction by NH20H•HCl also resulted in a

shift of Xmax with age when Al was added to the system. The
ferron-Al mixture buffered with high concentrations of

NH2OH•HC1 and NaOAc initially had a Xmax = 370 nm, which de-

creased to 364 and 359 nm as the ferron was aged 35 and 365

days, respectively.
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The kinetics of A1 with each of the three buffered fer—·

ron solutions (aged 6 days) revealed that the system buf-

fered with high concentrations of Na0Ac and NHZ0H•HCl gave

the only monotonically increasing absorbance vs. time func-

tion (Fig 18). Ferron buffered with low concentrations of

Na0Ac and NHZ0H•HCl and with glacial acetic acid produced

obsure kinetic reactions with A1 where the maximum absor-

bance was reached early in the reaction and began to de-

crease as changes in absorbance slowed (Fig 18). The maxi-

mum absorbance values differ for the various ferron

solutions since they are buffered at slightly different pH

values (see Materials and Methods). It is possible that

ferron reduction must occur before continuous absorbance vs.,

time functions result. The well behaved functions for mono-

nuclear Al concentrations of 0.5-5.0 ug mL" provide maximum

absorbance values which have excellent conformity to Beers

law (r2=0.999), with typical slope and intercept values of

0.035 and 0.0002, respectively. Thus the kinetics of Al

were investigated using buffered ferron mixtures which con-

tained the high concentrations of Na0Ac and NHZ0H•HCl.

If conditions for a bimolecular reaction are adjusted

so that a 50-fold or greater excess of reagent to reactant

is used, second-order rate expressions reduce to psuedo-

first-order expressions (Mark and Rechnitz, 1968). When in-
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vestigating the kinetics of Al with ferron, the latter rea-

gent always had a 100-fold greater concentration than the

Al. Under such conditions, the kinetics of Al monomers with

ferron are very rapid (Fig 18), with the reaction being 75%

complete within 3-5 sec. To verify that the concentration

difference was sufficient to assume psuedo-first-order ki-

netics, ferron aged 10-days was diluted 20X and 33X with

D-H20 and their interaction with Al investigated (Fig. 19).

The various concentrations were found to have no effect on

the kinetics of Al with ferron and suggest the rate of reac-

tion is psuedo-first-order with respect to Al. The results

also suggest minimal complexation of the acetate anion,

0Ac°, with solution Al. Diluted concentrations of ferron,

thus OAc', were all found to react similarily with Al as

mentioned. The chemical speciation model GEOCHEM (Mattigod

and Sposito, 1979) also suggested that Al bound with 0Ac' in

the undiluted ferron solution was at most 0.5%. Akitt and

. Farthing (1984) however, suggest that the acetate anion en-

hances the polymerization of Al*3. Their results should be

viewed with caution since the OAc' - Al mixtures studied had

initial pH values close to 8.0. High pH values such as

these tend to induce rapid Al polymerization.

The reaction of various concentrations of mononuclear

Al with several aged ferron solutions suggested that the
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latter reagents provided consistant kinetic reactions during

the aging period of =5·25 days (Table 7). Premature use of

ferron which was undergoing rapid reduction and use of fer-

ron after =25 days resulted in slightly different rates of

reaction with Al.

5.4.2 Interaction gt Partially Neutralized ht wtth Ferron

Continuous absorbance vs. time functions for various

partially neutralized Al solutions with ferron revealed an

initial rapid absorbance increase which became slow at lon-

ger times (Fig 20). The ferron—Al interactions were moni-

tored continuously for =300 sec and manually for =2 hrs un-

_ til absorbance increases became undetectable. Initial rapid

increases of absorbance should be related to mononuclear Al

interactions with ferron and slower absorbance increases at

longer times should reflect Al polymers of varying size,

with small polymers reacting more rapidly with ferron than

, large polymers (Smith, 1971; Tsai and Hsu, 1984). The ini-

tial 250 sec of the reaction were expressed as reduced con-

centration-time functions ((C_-Ct)/C_ vs. t), and the ob-

served. data was fit to the two species first-order rate

function (Eqn. 26, Fig 21). The binary reaction model de-

scribed the data reasonably well and provided predicted rate

constants for ferron interactions with Al monomers and small
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polymers, ka and kb, respectively, and values for the frac-

tion of monomeric Al in solution, fa (Table 8). Using

time-delay analysis (Appendix B), absorbance increases at

times longer than 3OO sec were shown to correspond to a ter-

inary reaction which was well described by psuedo-first-ord-

er kinetics (Fig 22). Most likely this portion of the reac-

tion is related to the interaction. of ferron with large

polymers which have a rate constant kc.

The reaction of ferron with mononuclear Al solutions

was described by a degenerate form of the two species rate

equation (Fig 21) which considers only one species. Predict-

ed ka values for mononuclear Al were similar over the con-
centration range studied and confirm that Al in these solu-

tions are of a similar form (Table 7). The values compare

well with ka values established for partially neutralized Al

solutions using the binary species model (Table 8) suggest-

ing accurate distinction between mononuclear and polynuclear

l Al interactions with ferron. As the initial basicity and

the pH of the Al solutions (n, and pH„, respectively) became

greater, the predicted fraction of monomer, fa, became less

and the fraction of the total reaction attributable to the

terinary reaction increased (Table 8). Thus as n„ increases

large Al polymers become more significant.
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Predicted fa values are slightly lower than those pro-

posed by Bersillion et al. (1980) for various partially neu-

tralized A1 solutions using ferron. These authors may have

slightly overestimated mononuclear Al by assuming polymer

reactions with ferron were not significant for the initial

30 sec of the reaction. Smith and Hem (1972) assumed ferron

interactions with mononuclear Al were essentially instanta-

neous. Predicted fa values from the present study are still

significantly lower than those proposed by these authors

since they preacidified their Al solutions with NH20H•HCl

prior to ferron analysis. Polynuclear· Al exposed to the

lower pH would most likely denature into monomeric units

which would account for the overpredicted monomer concentra-

tions in their solutions. Predicted fa values from the
present study are based on the differential kinetic reac-

tions of mononuclear and polynuclear Al with ferron and do

not assume arbitrary reaction times for separation. Employ-

ing a constant separation time may be erroneous since the

duration of monomer interactions with ferron depend on nc

(eg. for n„=0.22 and 2.31, the duration of monomer reactions

was =15 sec and =4 sec, respectively). Interestingly

enough, however, plots of fa vs n, for each of these authors

and the present study provide essentially the same slope

(Fig. 23). This suggest the change in monomer concentration
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from one hydrolyzed solution to another is well predicted by

each study. Discrepencies between estimated fa at any va-

lue n„ still presist however.

As fa decreases the error associated with ka increases

since the reaction duration of mononuclear Al is very short

and observed data is limited (Fig 21, Table 8). The reac-

tion rate of ferron with small and large polymers, kb and

kc, respectively, are significantly lower than ka, with kc

being appreciable lower than kb. The magnitude of kb de-

creased with increasing n, suggesting that small polymers at

higher n„ values may have a larger molecular size than those

at lower n„ values. Observed kc values did not decrease

significantly with, increasing n, except for the case of

n„=2.3l which also had 10.5% precipitated Al (ferron unde-

tectable Al). The slight sigmodal curvature at the begin-

ning of the high basicity solutions (eg. n„=1.88, 2.31) is

most likely related to a condition where the kinetics of po-

. lymer degradation has not yet reached a steady state since

the duration of monomer reactions are short (Figs. 20 and

21). Once a steady state is reached, well behaved, monoton-

ically continuous functions result.

Partially neutralized Al solutions with n„=O.84 and

1.88 were monitored with age using ferron kinetics (Figs. 24

and 25, respectively). As solutions aged, precipitated Al
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occurred which is undetectable to ferron. The maximum con-

centration of Al in the aging solutions is still C_ (=2.5 ug

mL" Al) even though it is not completely detectable. Pred-

icted ka values for mononuclear A1 (Table 7) again compare

well with ka values established for aging partially neutral-

ized Al solutions using the binary species model (Table 9).

Slight Variations of predicted ka for n„=l.88 also presist.

Predicted fa Values remained essentially' constant as the

partially neutralized Al solutions are aged. Constant mono-

nuclear Al concentrations in aging partially neutralized so-

lutions have also been suggested by others (Hem and Rober-

son, 1967; Tsai and Hsu, 1984). Rate constants kb and kc

decreased significantly with age suggesting small and large

Al polymers were most likely increasing in size or rearrang-

ing their Al—OH structure to form a more stable phase, thus

reacting slower with ferron (Table 9). Increasing polymeri-

zation or enhanced stability of preexisting Al polymers is

. also supported by decreasing OH/Al ratios and pH Values as

well as increasing precipitated Al with age (Table 9).

Equilibrium stability diagrams for solution Al as a function

of pH suggested that the aging partially neutralized Al so-

lutions were indeed approaching a more stable phase since

they approached the theoretical gibbsite solubility curve

with increasing age (Fig. 26). Such trends for aging par-
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tially neutralized Al solutions have also been shown by oth-

ers (Smith and Hem, 1972; Turner, 1976; Hodges and Zelazny,

1983a).

5.5 SUMMARY

The kinetics of ferron with partially neutralized Al of

varying basicity and age were well described by three paral-

lel psuedo—first-order reactions. Arbitrary separation of

mononuclear and polynuclear Al was avoided using a binary

species rate function. which accurately seperates the two

forms of' Al based on. differential kinetic reactions with

ferron. The ferron solution should be well buffered with

NaOAc and NH20H•HCl and aged at least 5 days but not longer

than =25 days so that kinetic functions increase monotoni-

cally to a maximum and are comparible from day to day. The

kinetics of ferron with lN KCl extractable Al are also ap-

plicable to the presented model since the presence of KCl
1

was found not to effect the rate of Al reaction with ferron.
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Chapter VI

CONCLUSION

The present study has indicated the existence of at

least two mechanisms for Al adsorption on Ca-kaolinite,

montmorillonite, and peat. An initial rapid interaction of

Al involved Al-Ca exchange while further Al adsorption re-

flected Al polymerization on the solid phase. Transition

between rapid and slow Al concentration increases corrobo-

rated with the termination of desorbed Ca elution and sup-

ports the former mechanism of Al adsorption on these soil

constituents. The mechanism was further supported by inde-

pendent estimates of model predicted parameters used to ana-

lyze the transient displacement experiments. The slow reac-

tion involving Al polymerization on the adsorbents was

supported by the enhanced production of H* as Al transport

occurred, the loss of this secondary reaction as the infl-

uent pH was lowered, and the high average basicity values

for adsorbed, exchangeable, and nonexchangeable Al. Negli-

gible adsorption of Al on <2 um gibbsite and quartz indicat-

ed that Al most likely was not binding to the uncharged oc-

tahedral and tetrahedral surfaces of kaolinite and

montmorillonite, but rather electrostatically-bound .Al on

the adsorbents serves as a template for sorption of more Al.
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The chemical partitioning of aqueous Al in partially

neutralized Al solutions was accomplished through modeled

reactions with ferron. Arbitrary separation of monomeric

and polymeric Al was avoided using a binary species rate

function which accurately separates these Al forms based on

differential kinetic reactions with ferron. Analysis of

effluent Al from transient displacement experiments using

this method will provide accurate speciation of both solid

and solution phase Al.

l



Chapter VII

LITERATURE CITED

Akitt, J.W., W.N. Greenwood, S.G. Lester. 1969. Aluminum-27
nuclear magnetic resonance studies of acidic solutions of
aluminum salts. J. Chem. Soc. (A5):803—807.

Akitt, J.W., W.N. Greenwood, B.L. Khandelwal and G. Lester.
1972. 27Al nuclear magnetic resonance studies of the hydro-
lysis and polymerization of the Hexa-aquo-aluminum (III) ca-
tion. J. Chem. Soc. Dalton Trans. 604-610.

Akitt, J.W., and, A. Farthing. 1981a. Aluminum-27 nuclear
magnetic resonance studies of the hydrolysis of aluminum
(III). Part 2. Gel-permeation chromatography. J. Chem.
Soc. Dalton Trans. 1606-1608.

Akitt, J.W., and.„A. Farthing. 1981b. Aluminum-27 nuclear
magnetic resonance studies of' the hydrolysis of aluminum
(III). Part 3. Stopped-flow kinetic studies. J. Chem. Soc.
Dalton Trans. 1609-1614.

Akitt, J.W., and .A. Farthing. 198lc. Aluminum-27 nuclear
magnetic resonance studies of the hydrolysis of aluminum
(III). Part 4. Hydrolysis using sodium carbonate. J. Chem.
Soc. Dalton Trans. 1617-1623.

Akitt, J.W., and, A. Farthing. 1981d. Aluminum-27 nuclear
magnetic resonance studies of the hydrolysis of aluminum
(III). Part 5. Slow hydrolysis using aluminum metal. J.
Chem. Soc. Dalton Trans. 1624-1628.

Akitt, J.W., and N.B. Milic. 1984. Aluminum-27 nuclear mag-
netic resonance studies of the hydrolysis of aluminum (III).
Part 6. Hydrolysis with sodium acetate. J. Chem. Soc. Dal-
ton Trans. 981-984.

Alrich, D.C. and J.R. Buchanan. 1958. Anomalies in techni-
ques for preparing H-bentonites. Soil Sci. Soc. Am. Proc.
22: 81-285.

Arai, S. and K. Kumada. 1981. Factors controlling stablity
of Al-humate. Geoderma. 26:1-12.

Argersinger, W.J., A.W. Davidson, and 0.D. Bonner. 1950.
Thermodynamics and ion exchange phenomena. Kansas Acad.
Sci. Trans. 53:404-410.

127-

l



128

Baes, C.F. and R.E. Mesmer. 1976. The hydrolysis of cations.
John Wiley and Sons, New York.

Banin, A. and S. Ravikovitch. 1965. Kinetics of reactions in
the conversion of Na- or Ca-saturated clay to H-Al-clay.
14th National Conf. on Clays and Clay Miner. 26:193-204.

Barnhisel, R.I. and C.I. Rich. 1963. Gibbsite formation for
aluminum interlayers in montmorillonite. Soil Sci. Soc. Am.
Proc. 27:632-635.

Barnhisel, R.I. and C.I. Rich. 1965. Gibbsite, bayerite, and
nordsrandite formation as affected by anions, pH, and miner-
al surfaces. Soil Sci. Soc. Am. Proc. 29:531—534.

Barshad, I. 1960. The effect of the total chemical composi-
tion and crystal structure of soil minerals on the nature of
exchangeable cations in acidified clays and in naturally oc-
curring acid soils. Trans. 7th Intern. Congr. Soil Sci.
2:435-444.

Baruah, T.C., R. Pal, S.R. Poonia, and R.S. Siyag. 1983. Ex-
change equilibrium involving aluminum versus calcium, potas-
sium, and ammonium in some acid soils of Assam. J. Indian
Soc. Soil Sci. 31:387—393.

Bersillon, J.L., D.W. Brown, F. Fiessinger, and J.D. Hem.
1978. Studies of hydroxy aluminum complexes in aqueous solu-
tions. J. Research U.S. Geol. Survey 6:325-337.

Bersillon, J.L., P.H. Hsu, and F. Eiessinger. 1980. Charac-
terization of hydroxy-aluminum solutions. Soil Sci. Soc.
Am. J. 44:630-634.

V
Bertsch, P.M., G.W. Thomas, and R.I. Barnhisel. 1986. Char-
acterization of hydroxy-Al solutions by Z’Al nuclear magnet-
ic resonance spectroscopy. Soil Sci. Soc. Am. J. (In
Press).

Bhattacharya, R.N., and V.K. Gupta. 1979. On a statistical
theory of solute transport in porous media. SIAM J. Appl.
Math. 37:485-498.

Bjerrum. 1907. Z. physikal Chem. 59: 350.

Blamey, F.P.C., D.G. Edwards, and C.J. Asher. 1983. Effects
of aluminum, 0H:Al and P:Al molar ratios, and ionic strength
on soybean root elongation in solution culture. Soil Sci.
136:197-207.



129

Bloom, P.R., R.M. Weaver, and M.B. McBride. 1978. The spec-
trophotometric fluorometric determination of aluminum with
8-hydroxyquinoline and butyl acetate extraction. Soil Sci.
Soc. Am. J. 42:713-716.

Bloom, P.R., M.B. McBride, and R.M. Weaver. 1979. Aluminum
organic matter in acid soils: Buffering and solution alumi-
num activity. Soil Sci. Soc. Am. J. 43:488-493.

Bloom, P.R. and M.B. McBride. 1979. Metal ion binding and
exchange with hydrogen ions in acid-washed peat. Soil Sci.
Soc. Am. J. 43:687-692.

Bloom, P.R. 1981. Phosphorus adsorption by an aluminum-peat
complex. Soil Sci. Soc. Am. J. 45:267-272.

Bloom, P.R. 1983. The kinetics of gibbsite dissolution in
nitric acid. Soil Sci. Soc. Am. J. 47:164-168.

Bottero, J.Y, J.M. Cases, F. Fiessinger, and J.E. Poirier.
1980. Studies of hydrolyzed aluminum chloride solutions 1.
Nature of aluminum species and composition of aqueous solu-
tions. J. Phys. Chem. 84: 2933-2939.

Bottero, J.Y., D. Tchoubar, J.M. Cases, and F. Fiessinger.
1982. Investigation of the hydrolysis of aqueous solutions
of aluminum chloride. 2. Nature and structure by small-angle
x-ray scattering. J. Phys. Chem. 86:3667-3673.

Brindley, G.W. and R.F. Youell. 1951. A chemical determina-
tion of 'tetrahedral' and 'octahedral' aluminum ions in a
silicate. Acta Cryst. 4:495-496.

A Brosset, C, G. Biedermann, and L.G. Sillen. 1954. Studies
on the hydrolysis of metal ions: XI. The aluminum ion Al*3.
Acta Chem. Scand. 8:1917-1926.

Brown, D.W. and J.D. Hem. 1975. Reactions of aqueous alumi-
num species at mineral surfaces. U.S. Geol. Survey Water
Supply Paper 1827-F, 48p.

Brown, G. and A. C. D. Newman. 1973. The reaction of solu-
ble aluminum with montmorillonite. J. Soil Sci. 24:339-354.

Buffle, J., N. Parthasarathy, and W. Haerdi. 1985. Impor-
tance of speciation methods in analytical control of water
treatment processes with application to fluoride removal
from waste waters. Water Res. 19:7-23.



130

Cabrera, F. and O, Talibudeen. 1978. The release of aluminum
from alminosilicate minerals, I. Kinetics. Clays Clay Min-
er. 26:434-440.

Cameron, D.R., and A. Klute. 1977. Convective—dispersive so-
lute transport with a combined equilibrium and kinetic ad-
sorption model, Water Resour. Res. 13:183-188.

Carstea, D. 1968. Formation of hydroxy-A1 and -Fe interlay-
ers in montmorillonite and vermiculite: influence of parti-
cle size and temperature. Clays Clay Miner. 16:231-237.

Chakravarti, S,N. and O. Talibudeen. 1961. Phosphate inter-
action with clay minerals. Soil Sci, 92:232—242.

Chen, D. 1965. Exchange equilibria for Al-bentonite and mo-
novalent cations. Can. J. Soil Sci, 45:177-183.

Chervon, 1947. The nature of soil acidity (English transl.
1964 by H. Jenny, Soil Sci. Soc. Am., Madison, Wis.),

Chu, Shy-Yuan and G. Sposito. 1981. A derivation of the ma-
croscopic solute transport equation for homogeneous, satu-
rated porous media 2, Reactive solutes at low concentra-
tion. Water Resour. Res. 17:33-336.

Clark, J.S. and R.C. Turner. 1965. Extraction of exchange-
able cations and distribution constants for ion exchange,
Soil Sci. Soc, Proc. 29: 271-274.

Coleman, N.T. and D. Craig. 1961. The spontaneous altera-
tion of hydrogen clay. Soil Sci. 91:14-18,

Coleman, N.T. and G.W. Thomas, 1967. The chemistry of soil
_ acidity. (In) R.W. Pearson and F. Adams (eds.) Soil acidity

and liming. Agron. 12: 1-41. Am. Soc. Agrn,, Madison, WI.

Columbera, P.M., A.M, Posner, and J.P. Quirk. 1971. The ad-
sorption of aluminum from hyroxy-aluminum solutions on to
Fithian illite. J. Soil Sci. 22:118-128,

Colwell, C.J., and J.S. Dranoff. 1971. Non-linear equilibri-
um and axial mixing effects in intraparticle diffusion cont-
rolled sorption by ion exchange. 2. Ind. Eng. Chem., Fundam.
10:65-70.

Cotten, S.B. 1965. Hydrolysis of aluminum in synthetic ca-
tion exchange resins and dioctahedral vermiculite: Unpub-
lished Ph.D. thesis, Virginia Polytechnic Institute,
Blacksburg, Virginia. 200pp.



131

Cooney, D.O. 1980. Interference of contaminants from mem-
brane filters in ultraviolet spectrophotometry. Anal. Chem.
52:1068-1071.

Coulter, B.S. and <D. Talibudeen. 1968. Calcium : Aluminum
exchange equilibria in clay minerals and acid soils. J. of ‘

Soil Sci. 19: 237-250.

Coulter, B.S. 1969. The equilibria of K:Al exchange in clay
minerals and acid soils. J. of Soil Sci. 20:72-83.

Dams, R., K.A. Rahn, and J.W. Winchester. 1972. Evaluation
of filter materials and impaction surfaces for nondestruc-
tive neutron activation analysis of aerosols. Environ. Sci.
Tech. 6:441-448.

Davis, L.E., R. Turner, L.D. Whittig. 1962. Some studies of
the autotransformation of H-bentonite. Soil Sci. Soc. Proc.‘
26:441-443.

DeSmedt, E., and P.J. Wierenga. 1979. A generalized solution
for solute flow in soils with mobile and immobile water. Wa-
ter Resour. Res. 15:1137-1141.

Dixon, J.B., and M.L. Jackson. 1962. Properties of intergra-
dient chlorite-expansible layer silicates of' soils. Soil
Sci. Soc. Am. Proc. 26:358-362. _

Edwards, D.G., A.M. Posner, and J.P. Quirk. 1965. Repulsion
of chloride ions by negatively charged clay surfaces. Part
3. Di- and tri- valent cation clays. Trans Faraday Soc.
61:2820-2823.

Eeckman, J.P. and H. Laudelout. 1961. Chemical stability of' hydrogen montmorillonite suspensions. Kolliod-Z.
178:99-107.

El-Sawaify, S.A. and W.W. Emerson. 1975. Changes in the phy-
sical properties of soil clays due to precipitated aluminum
and iron hydroxides: I. Swelling and aggregate stability
after drying. Soil Sci. Soc. Am. Proc. 39:1056-1063.

Enviro. Prot. Agency. 1973. Water quality criteria 1972.
EPA•R3•73•033 Washington, D.C. p375.

Espenson, J.H. 1981. Chemical kinetics and reaction mechan-
isms. McGraw-Hill NY p.2S-28.

Faucherre, J. 1948. Compt. rend. 227: 1367.



132

Faucherre, J. 1954. Sor la constitution des ions basiques
metalliques. Bull. Soc. Chim. France. 21:253-267.

Fluhler, H., and W.A. Jury. 1981. Significance of the reac-
tion kinetics and non-linearity of the adsorption isotherm
for the simulation of fluoride transport in soils. Mitteilu-
gen der Deutschen Bodenkundlichen Gesellschaft. 32:263-272.

Fluhler, H., and H.A. Jury. 1983. Estimating solute trans-
port using nonlinear, rate dependent, two site adsorption
models. Swiss Federal Institute of Forestry Research. Report
245. 48 p.

Frink, C.R. 1965. Characterization of aluminum interlayers
in soil clays. Soil Sci. Soc. Am. Proc. 29:379-382.

Frink, C.R., and M. Peech. 1962. Determination of aluminum
in soil extracts. Soil Sci. 93:317-324.

Frink, C.R. and M. Peech. 1963a. Hydrolysis of the aluminum
ion in dilute aqueous solutions. Inorg. Chem. 2:473-478.

Frink, C.R., and M. Peech 1963b. Hydrolysis and exchange
reactions of the aluminum ion in hectorite and montmorillo-
nite suspensions. Soil Sci. Soc. Am. Proc. 27:527-530.

Fripiat, J.J., F. Van Cauwelaert, and II. Bosmans. 1965.
Structure of aluminum cations in aqueous solution. J. Phy.
Chem. 69:2458-2461.

Frost, A.A. and R.G. Pearson. 1961. Kinetics and mechanisms. .
John Wiley and Sons. NY p.l62-165.

_ Gaines, G.L. Jr. and H.C. Thomas. 1953. Adsorption studies
on clay minerals. II. A formulation of the thermodynamics of
exchange adsorption. J. Chem. Phys. 21:714-718.

Gapon, E.N. 1933. Theory of exchange adsorption in soils.
J. Gen. Chim. Moscow. 3:144-163.

Goto, K., H. Tamura, M. Onodera, and M. Nagayama. 1974.
Spectrophotometric determination of aluminum with ferron and
a quaternary ammonium salt. Talanta. 21:183-189.

Grim, R.E. 1942. Modern concepts of clay minerals. J. Geol.
50:225-275.



133

Grim, R.E. and W.D. Johns. 1954. Clay mineral investigation
of sediments in the northern Gulf of Mexico. Clays Clay
Miner. Natl. Acad. Sci. - Natl. Res. Council Publ.
327:81-1OB.

Habib, S. and M.J. Minski. 1981. Neutron activation tech-
niques for the analysis of the soluble and particulate frac-
tions of river waters. J. of Radioanalytic Chem.
63:379-395.

Hargrove, W.L. and G.L. Thomas. 1982. Titration properties
of Al-organic matter. Soil Sci. 134:216-225.

Hartwell, B.L. and F.R. Pember. 1918. The presence of alumi-
num as a reason for the difference in the effect of so-
called acid soil on barley and rye. Soil Sci. 6:259-281.

Hem, J.D. and C.E. Roberson. 1967. Form and stability of
aluminum hydroxy complexes in dilute solution. U.S. Geol.
Survey Water Supply Paper 1827-A, 55p.

Hietanen, S. and Sillen. 1954. Studies on the hydrolysis of
metal ions. VIII. Methods for deducing the mechanism of po-
lynuclear hydrolysis reactions. Acta. Chem. Scandinavica
8:1607—1625.

Hodges, S.C. and L.W. Zelazny. 1983a. Interactions of di-
lute, hydrolyzed aluminum solutions with clays, peat, and
resin. Soil Sci. Soc. Am. J. 47:206-212.

Hodges, S.C. and L.W. Zelazny. 1983b. Influences of OH/A1
ratios and loading rates in aluminum—kaolinite interactions.
Soil Sci. Soc. Am. J. 47:221-225.

Hoffman, D.L., and D.E. Rolston. 1980. Transport of organic‘ phosphate in soil as affected by soil type. Soil Sci. Soc.
Am. J. 44:46-52.

Hoyt, P.B. 1977. Effects of organic matter content on ex-
changeable Al and pH—dependent acidity of very acid soils.
Canadian J. of Soil Sci. 57:221-222.

Hsu, P.H. and C.I. Rich. 1960. Aluminum fixation in a syn-
thetic cation exchanger. Soil Sci. Soc. Am. Proc.
24:21-25.

Hsu, P.H. and T.F. Bates 1964. Fixation of hydroxy—aluminum
polymers by vermiculite. Soil Sci. Soc. Am. Proc.
28:763-769.

1



134

Hsu, P.H. 1973. Appearance and stability of hydrolyzed
Fe(ClO4)3 solutions. Clay Clay Miner. 21:267-277.

Hsu, P.H. 1977. Aluminum hydroxides and oxyhydroxides. p.
99-143. (In) J.B. Dixon and S.B. Weed (eds.) Minerals in
soil environment. Soil Sci. Soc. Am., Inc., Madison, WI.

Huang, P.M. and L.M. Kozak. 1970. Adsorption of hydroxy-alu-
minum polymers by muscovite and biotite. Nature.
228:1084-1085.

Hutchinson, G.E. 1945. Aluminum in soils, plants and ani-
mals. Soil Sci. 60:29-40.

Jackson, M.L. 1960. Structure role of hydronium in layer si-
licates during soil genesis. Trans. 7th Int. Congr. Soil
Sci. 2:445-455.

Jackson, M.L. 1963a. Interlayering of expansible layer sili-
cates in soils by chemical weathering. Clays Clay Miner.
Pergamon Press, New York. 11:29-46.

Jackson, M.L. 1963b. Aluminum bonding in soils: A unifying
principle in soil science. Soil Sci. Soc. Am. Proc.
27:1-10 .

James, B.R., C.J. Clark, and S.J. Riha. 1983. An
8-hydroxyquinoline method for labile and total aluminum in
soil extracts. Soil Sci. Soc. Am. J. 47:893-897.

Jardine, P.M., L.W. Zelazny, and J.C. Parker. 1985. Mechan-
isms of aluminum adsorption on clay minerals and peat. Soil
Sci. Soc. Am. J. 49:862-867.

_ Jay, P.C. 1985. Anion contamination of environmental water
samples introduced by filter media. Anal. Chem.
57:780-782 .

Johanson, G. 1960. On the crystal structures of some basic
aluminum salts. Acta. Chem. Scand. 14:771-773.

John, M.K. and C.J. VanLaerhaven. 1976. Error in cadmium
determinations due to adsorption by filter papers. Bulletin
of Enviro. Contamination and Toxicology. 15:211-213.

Johnson, N.M., C.T. Driscoll, J.S. Eaton, G.E. Likens, and
W.H. McDowe1l. 1981. "Acid rain", dissolved aluminum and
chemical weatherinq at the Hubbard Brook Environmental For-
est, New Hampshire. Geochim. Cosmochim. Acta.
45:1421—1437.



135

Kosta, L. 1982. Contamination as a limiting parameter in
trace analysis. Talanta. 29:985-992.

Kozak, L.M. and P.M. Huang. 1971. Adsorption of hydroxy—Al
by certain phyllosilicates and its relation to K/Ca cation
exchange selectivity. Clays Clay Miner. 19:95-102.

Lacroix, 1949. Ana. Chim. 4: 5.

Laudelout, H. and J.P. Eeckman. 1958. La stabilite chimique
des suspensions d'argile saturee par l'ion hydrogene.
Trans. 2nd and 4th Comm. Int. Soc. Soil Sci. 2:194-199.

Liv, S.T., C.F. Carney, and A.R. Hurwitz. 1977. Adsorption
as a possible limitation in solubility determination. J.
Pharm. Pharmac. 29:319-321.

Low, P.F. 1955. The role of aluminum in titration of bento-
nite. Soil Sci. Soc. Proc. 19:135-139.

Mark, H.B., and G.A. Rechnitz. 1968. Kinetics in analytical
chemistry. John Wiley and Sons. pp.339.

Mathews, A.P., and W.J Weber, Jr. 1980. Mathematical model-
ing of adsorption in multicomponent systems. ACS symposium
series 135. Adsorption and ion exchange with synthetic
zeolites. Principles and Practices ed. W.H. Flank. p. 27-53.

Matijevic, E. and B. Tazak. 1953. Detection of polynuclear
complex aluminum ions by means of coagulation measurement.
J. Phys. Chem. 57:951-954.

Matijevic, E., K.G. Mathai, and R.H. Kerker. 1961. Detection
of metal ion hydrolysis by coagulation. III. Aluminum. J.

· Phys. Chem. 65:826-830.

Mattigod, S.V., and G. Sposito. 1979. Chemical modeling of
trace metal equilibrium in contaminated soil solutions using
the computer program GEOCHEM. In Chemical modeling specia-
tion, sorption, solubility, and kinetics in aqueous systems.
(ed) Jenne, E.A. Am. Chem. Soc. p.837—856.

Mattson, S. and J.B. Hester. 1933. The laws of soil colloi-
dal behavior: XII. The amphoteric nature of soils in rela-
tion to A1-toxcity. Soil Sci. 36:229-244.

McBride, M.B. and P.R. Bloom. 1977. Adsorption of aluminum
by a smectite: II. An Al*3-Ca*Z exchange model. Soil Sci.
Soc. Am. J. 41: 1073-1077.



136

McDonald, C. and I{„I. Duncan. 1978. Reproducibility of
elemental impurity levels in millipore filters (EHWP). Ana-
lytica Chemica Acta. 102:241—244.

Miller, R.J. 1965. Mechanism for hydrogen to aluminum trans-
formations in clays. Soil Sci. Soc. Proc. 29:36-39.

Mironenko, E.V., and Ya.A. Pachepsky. 1984. Analytical solu-
tion for chemical transport with non-equilibrium mass trans-
fer, adsorption, and biological transformation. J. of Hy-
drology. 70:167—175.

Muneta, J. 1980. Analytical errors resulting from nitrate
contamination of filter paper. J. Assoc. 0f. Anal. Chem.
63:937-938.

Nail, S.L., J.L. White, and S.L. Hem. 1976a. IR studies of
development of order in aluminum hydroxide gels. J. Pharm.
Sci. 65:231-234.

Nail, S.L., J.L. White, and S.L. Hem. 1976b. Structure of
aluminum hydroxide gel I. Initial precipitate. J. Pharm.
Sci. _65:1188-1191.

Nail, S.L., J.L. White, and S.L. Hem. 1976c. Structure of
aluminum hydroxide Gel II. Aging mechanism. J. Pharm. Sci.
65:1192-1198.

Nair, V.D. and J. Prenzel. 1978. Calculations of equilibrium
concentration of mono- and polynuclear hydroxyaluminum spe-
cies at different pH and total aluminum concentrations. Z.
pflanzenernaehr. Bodenkd. 141:741-751.

Nkedi-Kizza, P., J.W. Biggar, M. Th. van Genuchten, P.J.
Wierenga, H.M. Selim, J.M. Davidson, and D.R. Nielsen.
1983. Modeling tritium and chloride 36 transport through an
aggregate oxisol. Water Resour. Res. 19:691-700.

i
Nye, P., D. Craig, N.T. Coleman, and J.L. Ragland. 1961. Ion
exchange equilibria involving aluminum. Soil Sci. Soc.
Proc. 25:14-17.

Okura, T., K. Goto, and T. Yotuyanagi. 1962. Forms of alumi-
num determined by an 8-quinolinolate extraction method.
Anal. Chem. 34:581-582.

Parker, J.C., and M. Th. van Genuchten. 1984. Determining
transport parameters from laboratory and field tracer exper-
iments. Virginia Agri. Expt. Sta. Bulletin 84-3. 97p.

1



l37.

Parker, J.C., and P.M. Jardine. 1986. Effects of multisite
ion selectivity and adsorption kinetics on K-Ca transport.
Water Resour. Res. (submitted)

Parthasarathy, N. and J. Buffle. 1985. Study of polymeric
aluminum (III) hydroxide solutions for application in waste
water treatment. Properties of the polymer and optimal con-
ditions of preparation. Water Res. 19:25-36.

Paver, H. and C.E. Marshall. 1934. The role of aluminum in
the reactions of clays. J. Soc. Chem. Ind. 53:750-760.

Pionke, H.B. and R.B. Corey. 1967. Relations between acidic
aluminum and soil pH, clay, and organic matter. Soil Sci.
Soc. Am. Proc. 31:749-752.

Pleysier, J.L., A.S.R. Juo, and A.J. Herbillon. 1979. Ion
exchange equilibria involving aluminum in a kaolinitic Ulti-
sol. Soil Sci. Soc. Am. J. 43:875-880.

Prenzel, J. 1983. A mechanism for storage and retrieval of
acid in acid soils. p.157-170 (In) B. Ulrich and J. Pan-
krath. (eds.) Effects of accumulation of air pollutants in
forest ecosystems.

Rao, P.S.C., R.E. Jessup, D.E. Rolston, J.M. Davidson, and
D.P. Kilcrease. 1980. Experimental and mathematical de-

_ scription of non-adsorbed solute transfer by diffusion in
spherical aggregates. Soil Sci. Soc. Am. J. 44:684-688.

Raush, W. and H. Bale. 1964. Small-angle x-ray scattering
from hydrolyzed aluminum nitrate solutions. J. Chem. Phys.
40:3391-3394.

‘
Reardon, E.J. 1981. Kd's - can they be used to described re-

versible ion sorption reactions in contaminant migration?
Ground Water. 19:279—286.

Reuss, J.O. 1983. Implications of the calcium—aluminum ex-
change system for the effect of acid precipitation on soils.
J. Environ. Qual. 12:591-595.

Rich, C.I. and S.S. Obenshain. 1955. Chemical and clay min-
eral properties of a Red—Yellow Podzolic soil derived from
muscovite shist. Soil Sci. Soc. Am. Proc. 19:334—339.

Rich, C.I. 1960. Aluminum in interlayers of vermiculite.
Soil Sci. Soc. Am. Proc. 24:26-32.



138

Rich, C.I. 1970. Conductometric and potentiometric titration
of exchangeable aluminum. Soil Sci. Soc. Am. Proc.
34:31-38.

Roberts, K. J. Kowalewska, and S. Friberg. 1974. The influ-
ence of interactions between hydrolyzed aluminum ions and
polyacrylamides on the sedimentation of kaolin suspensions.
J. Colloid Interface Sci. 48:361-367.

Robertson, D.E. 1972. Contamination problems in trace-e1e-
ment analysis and ultra purification. In Ultra purity. Zief
M., R. Speights, (eds.) Marcel Dekker, NY pp. 220-225.

Ross, G.J., and R.C. Turner. 1971. Effect of different an-
ions on the crystallization of aluminum hydroxide in par-
tially neutralized aqueous Al salt systems. Soil Sci. Soc.
Am. Proc. 35:389-392.

Rubin, A.J. and P.L. Hayden. 1973. Studies on the hydrolysis
and precipitation of aluminum (III). Water Resources Cen-
ter, Ohio State Univ., Columbus, Ohio.

Ruprecht, R.W. 1915. Toxic effect of iron and aluminum salts
on clover seedlings. Mass. Agr. Exp. Sta. Bul.
161:125-129.

Sawhney, B.L. 1968. Aluminum interlayers in layer silicates.
Effect of OH/Al ratio of Al solutions, time of reaction, and
type of structure. Clays Clay Miner. 16:157—l63.

Schneider, Z. and A. Guranowski. 1975. Determination of
labeled adenine by means of adsorption on cellulose nitrate
filters: A sensitive method for estimation of Nucleosidase
activity. Anal. Biochem. 68:493-504.

‘ Schnitzer, M. 1978. Humic substances: chemistry and reac-
tions. p.1-58. (In) M. Schnitzer and S.U. Khan (ed.) Soil
organic matter. Elsevier Sci Publ. Co., New York.

Schofield, R.K. 1949. Effect of pH on electric charges car-
ried by clay particles. J. Soil Sci. 1:1-18.

Schofield, R.K. and A.W. Talyor. 1954. The hydrolysis of
aluminum salt solutions. J. Chem. Soc. 18:4445—4448.

Schwan, von M., H. Gorz, and S. Schonherr. 1981. Ein beitrag
zur auswertung der kinetik der aluminium-ferron-reaktion fur
strukturunter-suchungen an basischen aluminium-salzlosugen.
Z. Phys. Chem. 262:953-957.



139

Seip, H.M., L. Muller, and A. Naas. 1984. Aluminum
speciation: comparison of two spectrophotometric analytical
methods and observed concentrations in some acidic aquatic
systems in southern Norway. Water, Air, and Soil Pollution.
23:81-95.

Selim, H.M., J.M. Davidson, and R.S. Mansell. 1976. Evalua-
tion of a two-site adsorption-desorption model for describ-
ing solute transport in soils. In Proc. Summer Computer Si-
mulation Conf., Washington, DC, pp. 444-448.

Selim, H.H., J.M. Davidson, and P.S.C. Rao. 1977. Transfer
of reactive solutes through multilayered soils. Soil Sci.
Soc. Am. J. 43:3-10.

Serna, C.I., J.L. White, and S.L. Hem. 1977. Anion - alumi-
num hydroxide gel interactions. Soil Sci. Soc. Am. J.
41:1009-1013.

Sillen, L.G. 1954a. On the equilibria in systems with poly-
nuclear complex formation I. Methods for deducing the compo-
sition of the complexes from experimental data- "Core+links"
complexes. Acta Chem. Scand. 8:299-317.

Sillen, L.G. 1954b. On the equilibria in systems with poly-
nuclear complex formation. II. Testing simple mechanisms
which give "core+links" complexes of composition B(A+B)¤.
Acta Chem. Scand. 8:318-335.

Sillen, L.G. 1961. On the equilibria in systems with polynu-
clear complex formation. V. Some useful differential expres-
sions. Acta Chem. Scand. 15:1981-1992.

Singh, S.S. and J. Brydon. 1967. Precipitation of aluminum
by calcium hydroxide in the presence of Wyoming bentonite
and sulfate ions. Soil Sci. 103:162-167.

Sivasubramaniam, S. and CL Talibudeen. 1972. Potassium -
aluminum exchange in acid soils. I. Kinetics. J. Soil Sci.
23:163—176.

SkOpp, J., and A.W. Warrick. 1974. A two-phase model for the
miscible displacement of reactive solutes in soils. Soil
Sci. Soc. Am. J. 38:545-550.

Smith, R. W. 1971. Relations among equilibrium and nonequi-
librium aqueous species of aluminum hydroxy complexes. Am.
Chem. Soc. Adv. Chem. Ser. 106:225-279.



140

Smith, R.W. and J.D.—Hem. 1972. Effect of aging on aluminum
hydroxide complexes in dilute aqueous solutions. U.S. Geol.
Surv. Water-Supply Paper 1827-D.

Snodgrass, W.J., M.M. Clark, and C.R. O'Melia. 1984. Parti-
cle formation and growth in dilute aluminum (III) solutions.
Water Res. l8:479—488.

Spyridokis, D.E., G. Chesters, and S.A. Wilde. 1967. Kaolin-
ization of biotite as a result of coniferous seedling
growth. Soil Sci. Soc. Am. Proc. 31:203-209.

Stol, R.J., A.K. Van Helden, and P.L. DeBruyn. 1976. Hydro-
lysis - precipitation studies of aluminum (III) solutions.
II. A kinetic study model. J. Colloid Interface Sci.
$7:115-131.

Theng, B.K.G. 1974. The Chemistry of Clay-Organic Reactions.
Adams Hilger Ltd., 343p.

Thomas, G.W. 1975. The relationship between organic matter
content and exchangeable aluminum in acid soil. Soil Sci.
Soc. Am. J. 39:591.

Tsai, P.P., and P.H. Hsu. 1984. Studies of aged OH-Al solu-
tions using kinetics of Al—ferron reactions and sulfate pre-
cipitation. Soil Sci. Soc. Am. J. 48:59-65.

Tsai, P.P., and P.H. Hsu. 1985. Aging of partially neutral-
ized aluminum solutions of sodium hydroxide/aluminum molar
ratio = 2.2. Soil Sci. Soc. Am. J. 49:1060-1065.

Turner, R.C. 1969. Three forms of aluminum in aqueous sys-
tems determined by 8-quinolinolate extraction methods. Can.
J. of Chem. 47:2521-2527.

Turner, R.C. 1976. Effect of aging on properties of polynu-
clear hydroxyaluminum cations. Can. J. Chem. 54: 1528-1534.

Turner, R.C. and J.E. Brydon. 1967. Effect of length of time
of reaction on some properties of suspensions of Arizona
bentonite, illite, and kaolinite in which aluminum hydroxide
is precipitated. Soil Sci. 103:111-117.

Turner, R.C., and W. Sulaiman. 1971. Kinetics of
8-quinolinol and acetate with hydroxyaluminum species in
aqueous solutions. 1. Polynuclear hydroxyaluminum cations.
Can. J. Chem. 49:1683-1687.



141 _

Valocchi, A.J. 1984. Describing the transport of
ion—exchanging contaminants using an effective Kd approach.

Water Resour. Res. 20:499-503.

van Genuchten, M. Th. 1981. Non-equilibrium transport param-
eters from miscible displacement experiments. Research Re-
port No. 119. U.S. Salinity Laboratory, Riverside, Califor-
nia. 88p.

van Genuchten, M. Th., and P.J. Wierenga. 1976. Mass trans-
fer studies in sorbing porous media. I. Analytical solu-
tions. Soil Sci. Soc. Am. J. 40:473-480.

Vanselow, A.P. 1932. Equilibria of the base exchange reac-
tions of bentonites, permutites, colloids, and zeolites.
Soil Sci. 33:95-113.

Veitch, F.P. 1902. The estimation of soil acidity and the
lime requirements of lsoils. J. Am. Chem. Soc.
24:1120-1128.

Veith, J.A. 1977. Basicity of exchangeable aluminum, forma-
tion of gibbsite, and composition of the exchange acidity in
the presence of exchangers. Proc. Soil Sci. Soc. Am. J.
4l:865•870.

Veith, J.A. 1978. Selectivity and adsorption capacity· of
smectite and vermiculite for aluminum of varying basicity.
Clays Clay Miner. 26:45-50.

Vermeulen, A.C., J.W. Geus, R.J. Stol, and P.L. De Bruyn.
1975. Hydrolysis-precipitation studies of aluminum (III)
solutions. I. Titration of acidified aluminum nitrate solu-
tions. J. Colloid Interface Sci. 51:449-458. ‘

Villermaux, J. 1974. Deformation of chromotography peaks un-
der the influence of mass transfer phenomena. J. Chromotogr.
Sci. 12:822-831. _

Wallace, G.T., I.S. Fletcher, and R.A. Duce. 1977. Filter
washing, a simple means of reducing blank values and vari-
ability in trace metal environmental samples. J. Environ.
Sci. Health A12:493-506.

Waters, D.N., and M.S. Henty. 1977. Raman spectra of aqueous
solutions of hydrolysed aluminum (III) salts. J. Chem. Soc.
Dalton Trans. 243-245.



142

Weismiller, R.A., J.L. Ahlrichs, and J.B. White. 1967. In-
frared studies of hydroxy aluminum interlayer material.
Soil Sci. Soc. Am. Proc. 31:459-463.

White, R.E. and G.W. Thomas. 1981. Hydrolysis of aluminum on
weakly acidic organic exchangers: implications for phosp-
hate adsorption. Fertilizer Research 2:159-167.

Zelazny, L.W. and V.W. Carlisle. 1974. Physical, chemical,
elemental, and oxygen-containing functional group analysis
of selected Florida Histosols. p.63-78. (In) A.R. Aandal et
al. (ed.) Histosolsz their characteristics, classification,
and use. Soil Sci. Soc. Am., Inc., Madison, WI.

Zief, M. and J.W. Mitchell. 1976. Contamination control in
trace element analysis. Vol. 47. John Wiley and Sons. p.
188. _



APPENDIX A

SOLUTION ALUMINUM ANOMOLIES RESULTING FROM
VARIOUS FILTERING MATERIAL

A.l ABSTRACT

Commercially available filter paper and membranes of

varying composition were examined for their effect on solu-

tion Al. The loss of solution Al from unneutralized and

partially neutralized AlCl3 samples in equilibrium with the W

filter disc resulted from the negative charge and/or residu-

al anion content of the filter material. Potentiometric ti-

tration analysis of the equilibrium Al solutions indicated

marked titration curve distortions for several filter mater-

ial which was related to their residual contaminants. Remo-

val of residual salts from uncharged membrane filters essen-

tially eliminated any loss of Al from solution.

143
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A.2 INTRODUCTION
l

Filtration of liquids for the removal of particulates

or collection of precipitates and solid phases is performed

routinely in soil and enviromental research. Filters used

for these separations are either fibrous, composed of cellu-

lose or synthetic organic fibers, or membrane types which

feature pores of a reproducible diameter. The latter filter

types commonly contain a nonionic detergent as a wetting

agent, a humectant to prevent membrane drying, and a small

amount of inorganic electrolyte (Zief and Mitchell, 1976;

Cooney, 1980; Kosta, 1982). Significant cation and anion

concentrations have been reported in a variety of filter ma-

terial (Dams et al., 1972; Robertson, 1972; Muneta, 1980;

Habib and Minski, 1981; Jay, 1985) as well as numerous UV-

adsorbing contaminants (Cooney, 1980). Filter membranes

composed of cellulose nitrate have been shown by Schneider

and Guranowski (1975) to adsorb significant quantities of

‘ purines and pyrimidines. Fibrous cellulotic filters have

also been noted to adsorb significant quantities of Cd2*

(John and VanLaerhoven, 1976) and Al (Frink and Peech,

1962). Standard EPA regulations on water quality require

that environmental water samples, including those effected

by acid deposition, be filtered prior to analysis (Envir.

Prot. Agency, 1973). Potential adsorption of influent ma-

1
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terial on filters and failure to consider contamination of

effluent by residual filter electrolytes, limits reliable

aqueous solubility values and the quality of environmental

water samples (Liu et al., 1977). This work investigates

the effects of various filter material on solution Al, a

common aqueous component in environments affected by acid

rain; and also evaluates the leacheable anions and charge

properties of the filter material.

A.3 MATERIALS AND METHODS

Twenty three different filter papers and membranes (Ta-

ble 10) commonly used in soil research were tested for their

effect on solution Al, their glass-distilled water (GD'H20)

extractable anion concentrations, and their potential cation

and anion exchange capacities (CEC and AEC, respectively).

Filter disc were used from newly purchased stocks with the

exception of M1, M4, G5, N2, N3, and N4, and selected at
4

random within a box avoiding those disc located near the top

and bottom of the stack (McDonald and Duncan, 1978). Fil-

ters were transferred to polymethylpentene (PMP) beakers of

6.5 cm diameter using clean, dry teflon forceps. Filters

were never folded, handled, or damaged in anyway with the

exception of Whatman 50 whose ends were slightly crimped be-

cause of its larger size.
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Table 10. Select chemical and physical properties of filter disc.;

Filter disc type Code Diameter Membrane Composition

A
Whatman WCN 0.20 um · W1 47.0 Cellulose nitrace
Whatman WCN 0.45 um W2 47.0 Cellulose nitrate
Whatman WCN 1.0 um W3 47.0 Cellulose nitrate
Whatman No. 42 W4 42.5 Cellulose with organic binder
Whatman No. 50 W5 55.0 Cellulose with organic binder

Millipore VSW? 0.025 um M1 47.0 Mixed cellulose acetate and
cellulose nitrate

Millipore GSWP 0.22 um M2 47.0 Mixed cellulose acetate and
cellulose nitrate

Millipore HAWP 0.45 um M3 47.0 Mixed cellulose acetate and
cellulose nitrate

Millipore HAWP 0.45 um M4 25.0 Mixed cellulose acetate and
cellulose nitrace

Sterile Gelman Acrodisc 0.20 um G1 25.0 Polysulfone
Sterile Gelman Acrodisc 0.45 um G2 25.0 Polysulfone
Gelman GA-8 0.20 um G3 47.0 Cellulose triacetate
Gelman GA—6 0.45 um G4 47.0 Cellulose triacetate
Old Gelman GA-6 0.45 um* G5 47.0 Cellulose triacetate
Gelman GA-3 1.2 um G6 47.0 Cellulose triacetate

Nuclepore 0.20 um Nl 25.0 Polycarbonate
Nuclepore 1.0 um N2 47.0 Polycarbonate
Nuclepore 3.0 um N3 47.0 Polycarbonate
Nuclepore 5.0 um N4 47.0 Polycarbonate
Nuclepore MF 0.22 um N5 47.0 Mixed cellulose nitrate-

cellulose diacetate
Nuclepore ME 0.45 um N6 47.0 Mixed cellulose nitrate—

cellulose diacetate

Nalgene 0.20 um Nal 47.0 Cellulose nitrate
Nalgene 0.45 um Na2 47.0 Cellulose nitrate

' ¥Product name is indicated for benefit of the reader and does not infer official
endorsement nor condemnation.

*G5 had Lot No. = 2.5 million and other Gellman GA discs had Lot No. = 4.1 million.

l
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The effect of the filter disc on solution Al was inves-

tigated by equilibrating 5 ml of = 2.45 ug mL" AlCl3, eith-

er unneutralized or partially* neutralized (OH/Al == 0.5),

with a single 47mm disc or two 25mm disc for = 12 hrs. The

mixture was sealed and periodically gently agitated. Equi-

librium solutions were analyzed for total acidity using po-

tentiometric titrations and for total Al using ferron (Jar-

dine et al., 1985).

Inherent anion concentrations of the filter disc were

studied by equilibrating 5 ml GD-H20 with fresh filters us-

ing methods described above. Anion concentrations were det-

ermined using a Dionex ion chromatograph (IC).

The potential CEC and AEC of the filter disc were eval-

uated by washing the disc three times, over a 3 hr period

with 5 ml aliquots of gold label 1 X 10'3 M MgClZ (pH 8.4) —

and 1 X 10'3 M Mg(N03)z (pH 6.0), respectively. Filter disc

were washed 7 times with == 50 ml aliquots of GD—HZO and

dried at 308 K. Five mL = 9 X 10'5 M AlCl3 (pH 4.4) and 5 X

10" M gold label CaCl2 (pH 5.7) were added to the MgClz and

MgNO3 saturated disc, respectively. The former equilibrium

solutions were analyzed for desorbed Mg using atomic adsorp-

tion spectrophotometry and for the loss of solution Al using

ferron. The MgNO3 saturated disc were analyzed for desorbed

NO3' utilizing IC. During all studies the PM? beakers were
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found to have no effect on the dilute electrolyte solutions

or GD-H20 added. Experiments using Gelman Acrodisc, which

have membrane filters encased in modified acrylic, were

treated, exactly as described above except solutions were

syringe injected through single 25 rmn disc. All studies

were performed in duplicate or triplicate except the AEC ex-

periment which was not repeated.

A.4 RESULTS AND DISCUSSION

Several filter disc in equilibrium with unneutralized

and partially neutralized 2.45 ug
mL°‘

AlCl3 removed a sig-

nificant portion of Al from solution (Table ll). The latter

solution consistently removed more Al than the unneutralized

solution due to the presence of = 25% polymeric Al (Jardine

et al., 1985). Solution Al losses were also apparent from

potentiometric titration analysis of the unneutralized Al

solution (Fig. 27) and the partially neutralized sample

(Fig. 28 and Table 12) which were equilibrated with the fil-

ter material. Titration data for all filters exposed to un-

neutralized A1 are not presented since trends are identical

to those presented for the partially neutralized solution

(Table 12). The equilibrium solution in contact with filter

disc generally contained a lower pH relative to the control

which was not exposed to any filter material (negative ApH),
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with several solutions revealing pronounced H* inflections

during titration analysis. The increase of solution H* may

be the result of enhanced Al hydrolysis or polymerization in

the presence of the filter disc (Jardine et al., 1985).

Marked. titration curve distortions were apparent in xnany

filter solutions because of pH decreases and Al losses

(Figs. 27,28). All Whatman, Nalgene, and M1 and M4 disc

were observed to have skewed titration tails, at higher pH

values. Such distortions may be related to organic contami-

nants or altered forms of Al and may account for the obscure

results obtained for filter G5 (Fig 27, Table 12). Filters

G1, G2, G3, and N1, N2, N3 in equilibrium with the various

Al solutions had no effect on potentiometric titration ana-

lysis which is consistent with their very small removal of

solution Al (Tables ll and 12).

Filter disc which resulted in large losses of solution

Al generally had high levels of F', PO43', and/or (Ta-

ble 13). These anions tend to complex Al which may become

undetectable to ferron. Significant quantities of F',

PO„3', and/or so,=· were present in filter disc W1, M2, M3,

G5, N5, N6, Nal, and Na2; all of which removed appreciable

quantities of A1 from solution with exception to G5. This

latter membrane has been shown to contain significant resi-

dual Al (Dams et al., 1972). Several filter material were
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Table ll. Unueutralized and partially neutralized Al solutions in equilibrium
with filter disc}

:12.26 ug A1 unneutralized EH 6.6 :12.26 ug Al OH/Al
-

0.5 21-1 6.7
Filter ug Al removed _ Fraction of ug Al removed Fraction of

Code by filter Al removed by filter Al removed
X 100 X 100

W1 1.33 10.9 2.22 19.7
W2 0.68 5.9 1.77 16.5
W3 1.19 9.7 3.12 25.6
W6 6.15 33.7 6.95 57.1
W5 6.53 36.8 7.36 60.3

M1 0.58 6.7 2.27 18.6
M2 0.85 6.9 2.71 22.2
M3 1.55 12.6 2.26 18.6
M6 0.05 0.6 0.65 3.7

Gl 0.27 2.2 0.25 2.1
G2 0.27 2.2 0.37 3.0
G3 0.57 6.6 0.62 3.5
G6 0.17 1.6 0.66 3.5
G5 0.00 0.0 0.00 0.0
G6 0.57 6.6 0.65 5.6

Nl 0.12 1.0 0.25 2.0
N2 0.00 0.0 0.56 6.6
N3 0.66 5.6 0.25 2.1
N6 0.80 6.5 0.13 1.1N5 1.06 8.7 2.72 ‘ 26.0
N6 1.96 15.9 5.97 52.7

Nal 9.62 78.2 10.30 86.6
Na2 8.95 72.7 10.60 87.0
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Table l2· Potentiometric titration analysis of the partially
neutralized A1 solution in equilibrium with filter

- disc.

Filter · _l _l
. Code meq A1 mL meq H mL ApH¥

Control 0.228 0.000 --—-
W1 0.164 0.013 -0.14
W2 0.200 0.000 -0.10
W3 0.193 0.000 -0.33
W4 0.123 0.030 -0.40
W5 0.120 0.036 -0.37

M1 0.207 0.000 -0.01
M2 0.219 0.000 -0.39
M3 0.218 0.000 -0.15
M4 0.222 0.000 -0.09

Gl 0.224 0.000 -0.05
G2 0.224 0.000 0.00
G3 0.222 0.000 -0.07
G4 0.239 0.000 -0.19
G5 * 0.476 -0.97
G6 0.236 0.000 -0.15

N1
I

0.228 0.000 -0.04
N2 0.228 0.000 -0.05
N3 0.231 0.000 -0.06
N4 0.232 0.000 -0.19
NS 0.171 0.000 +0.02
N6 0.086 0.073 -0.39

‘ Nal * 0.100 -0.34
Na2 * 0.078 -0.29

¥ ApH
-

(Disc equilibrium pH - control pH)

* Characteristic A1 titration curve not present.
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also noted to contain high concentrations of Cl' (eg. Milli-

pore) and NO3' (eg. W5, M1, G5). Although these anions are

serious contaminants of the filter disc, their effect on so-

lution Al is minimal. The membrane filters N1, N2, N3, and

N4 contained no detectable anions which is consistent with

their very small removal of solution Al (Table ll). Jay

(1985) also found very low or no detectable anions in simi-

lar polycarbonate membranes.

The residual anions of the filter material did not en-

tirely account for the loss of Al from solution. Many of

the filter disc were found to have a significant negative

charge (Table 14). The filter disc used in determining ne-

gative charge were free of all residual anions except Cl'

which accompanied the saturating and exchanging salts. All

Whatman disc were found to have an appreciable CEC as noted

by the release of Mg by Al from the Mg-sat filter disc.

Filters W4 and W5 had the largest negative charge which is

consistent with the finding of others using similar cellu-

latic material (John and VanLaerhoven, 1976). Other filter

· material which exhibited a significant CEC were M1, G5, N5,

N6, Nal and Na2. Comparison of the fraction of Al removed

from solution at pH 4.4 when the filter disc were "cleaned"

of their residual anions (Table 14), to the fraction of Al

removed when residual anions were present (Table 11, Column
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Table 13- Amious released by filter disc in eqmilibrium with
5 ml GD-H20.

Filter _ . _ _' 3_ 2_
Code F C1 N03 P04 S04

W1 0.6 4.2 1.2 <0.2 4.6
W2 0.5 1.2 1.9 <0.2 1.9
W3 0.9 6.0 1.8 <0.2 0.8
W4 0.4 10.4 0.4 <0.2 <O.5
W5 0.7 2.2 7.1 <0.2 <0.5

M1 1.7 29.6 14.8 <0.2 2.0
M2 0.5 18.4 2.3 5.7 0.4
M3 0.4 12.4 1.5 3.9 0.5
M4 0.6 12.0 6.9 0.3 2.2

Gl 2.0 0.7 <0.2 <0.2 0.9
G2 2.2 0.9 <0.2 <0.2 1.0
G3 1.1 7.5 1.6 <0.2 0.2
G4 0.9 25.4 2.9 0.2 2.7
G5 6.8 18.2 10.0 <0.2 7.0
G6 0.9 6.1 _ 1.4 1.5 <O.5

N1 <0.02 <0.1 <0.2 <0.2 <0.5
N2 <0.02 <0.1 <0.2 <0.2 <O.5
N3 <0.02 <0.1 <0.2 <0.2 <O.5
N4 <0.02 <0.1 <0.2 <0.2 <O.5
N5 0.8 6.7 3.5 6.7 <0.5
N6 1.4 6.9 2.9 10.5 0.6

Nal 0.7 0.8 3.7 7.3 13.3
Na2 0.9 0.7 2.4 9.9 5.2

GD-H20 <0.02 <0.1 <0.2 <0.2 <O.5

l
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1 and 2), suggest the primary loss of Al by Whatman filter

disc resulted from their negative charge. The removal of

solution Al by N5, N6, Nal, and Na2 is related to their re-

sidual anion content and negative charge. The removal of

residual salts from the uncharged Gelman fiters essentially

eliminated any loss of Al from solution (Tables 11 and 14).

The filter disc were also tested for the possibility of po-

sitive charge. Filters M2, M3, and M4 were the only disc to

exhibit a very small but measureable AEC as noted by the re-

lease of NO3' by Cl' from NO3-sat filter disc (Table 14).

The relatively small AEC may be the result of the high satu-

rating pH used (eg pH 6.0). Saturating solutions of lower

pH may induce additional positive charge if this charge is

pH dependent. Potential positive charge may exist on Nal

and Na2 filters also, since residual 60.2* of the filter

disc was found to be exchangeable to CaCl2 (pH 5.7) but not

to Mg(NO3)z (pH 6.0) or GD—HzO.

The present study confirms that much of the commonly

used filter papers and membranes have significant inorganic

electrolyte contaminants and may be negatively or positively

charged. Of the filter material investigated we prefer us-

ing filters N1, N2, N3, and N4 (Nuclepore polycarbonate)

which are not likely to alter the Al chemistry of environ-

mental water samples which pass through them. with appro-
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Table 14. Analysis of filter disc for potential negative and positive
charge.

Test for negative charge Test for positive charge

Filter ug Mg ug A1 Fraction of pg N03”

Code desorbed adsorbed A1 removed desorbed
X 100

W1 2.6 1.19 9.8 0.0

W2 1.1 0.73 6.1’ 0.0
W3 2.3 0.74 6.1 0.0

W4 12.8 4.35 35.8 0.0

W5 12.2 4.76 39.2 0.0

M1 2.3 0.87 7.1 0.0

M2 0.6 1.32 10.9 0.8

M3 0.5 0.44 3.6 0.9

M4 0.0 0.00 0.0 1.3

G1 0.0 0.00 0.0 0.0
G2 0.0 0.00 0.0 0.0

G3 0.0 0.00 0.0 0.0

G4 0.0 0.12 1.0 » 0.0

G5 2.5 0.63 5.2 0.0

G6 0.0 0.15 1.1 0.0

N1 0.0 0.00 0.0 0.0

N2 0.0 0.00 0.0 0.0

N3 0.0 0.00 0.0 0.0

N4 0.0 0.00 0.0 0.0

N5 0.9 0.23 1.9 0.0

N6 1.0 0.54 4.4 0.0

Nal 2.9 2.19 18.1 0.0*

Na2 1.8 2.38 19.6 0.0*

*Study complicated by the presence of SO 2- in the extract which was ex-

changeable to CaC12 (pH 5.7) but not MgNO3 (pH 6.0) or GD-H20.
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priate cleaning (Wallace et al., 1977; Jay, 1985), the Gel-

man series (eg. G1, G2, G3, G4, G6) should also be satisfac—

tory. The values for the quantity of leachable anions and

fraction of Al loss from solution are by no means absolute

and should not be used as correction factors for anothers

work. McDonald and Duncan (1978) have clearly shown that

although a single box of filter disc provide reproducible

contaminants, large discrepancies exist from the box to box.

Comparing G4 to G5 in the present study, which differ only

in stock number, illustrates this point as well.



APPENDIX B

A TIME DELAY ANALYSIS TECHNIQUE FOR
DISTINGUISHING COMPLEX REACTIONS OF ALUMINUM

WITH FERRON

Monotonically increasing absorbance-time functions are

common for the colorimetric determination of Al in solution

(Turner, 1969; Smith and Hem, 1972; Blamey et al., 1983).

In general, the curves have an initial rapid increase in ab-

sorbance which slows and continues to long times (Fig. 29).

Usually the curves are simple exponential functions which

are described by first-order kinetic expressions. Many

times, however, simple exponential expressions will not ful-

ly describe the curves. It may be that the complex function

is composed of several parallel reactions or that experimen-

tal error has become large at longer times. Distinction

between the two possibilities is achieved by employing a

time-delay analysis technique (Espenson, 1981; Mason, per-

sonal communication). Assuming a major portion of the ab-

sorbance-time function is described by first-order kinetics

(self-Verification of this assumption is implicit in the fi-

nal results), one may write:

ln (Aw - At) = ln (Am · AO) - kt (27)

159
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where A0, At, and A_ are absorbance values at time zero, at

time t, and the value at equilibrium, respectively, and k is

the first-order rate constant. Since the rate of Al reac-

tion with ferron is dependent on the amount of reactant re-

maining in solution (uncomplexed Al), the difference between

A_ and At and Ag is required in Eqn. 27. Rearranging Eqn.

27, one obtains:

(Am ' At)
———————- = e°kt (28)
(A„··AO)

_ _ —kt(AZ · At) - (Am A0) G (29)
A tangent of slope k at ‘point. At on the absorbance—time

function is represented by Eqn. 29 (Fig. 29). Considering

another point on the function, At,, which is distance A from

point At , we can similarily express the rate of reaction at

this point by:

(Aw - At,) = (A,,., - AO)e°k(t ‘” M (30)

where E = t + A. Dividing Eqn. 29 by Eqn. 30 and rearrang-

ing terms, one obtains:

(AZ, · )
__..Pl.. Z JA (3l)
(Aw

_
At/)

kA(AZ, · A0 = Awsm ‘ An/E (32)
_ kA kA

At··A¤¤"A¤¤€
+At)€

(33)
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At = A„„ (1 — ek^) + At,ek^ (34)

A plot of At vs At/will be linear for that portion of

the reaction which conforms to first-order kinetics. The

slope, ekA, and the intercept, A_(l—ekA), can be used to

find the predicted value of A_. If the predicted A_ value

is significantly different from the experimental A_ value,

the extended tailing at long times for absorbance-time func-

tions, which is not predicted by simple expressions, is the

result of complex parallel reactions occuring in the system.

If the predicted and experimental A_ are similar, tailing of

the absorbance-time function is the result of experimental

error and cannot be considered a seperate reaction in the

system.

Investigating the reaction of partially neutralized Al

with ferron (Chapter V), it was noted that a two species

rate equation, was unable to describe observed (C_-Ct)/C_

data at longer times, which accounted for 7-22% of the en-

tire reaction depending on the basicity of the Al solution.

Using the time delay analysis technique, predicted A_ values

were determined from linear At vs At, plots of the secondary

reacton of Al with ferron. Predicted A_ were significantly

less than experimental A_ values suggesting this portion of

the (C_-Ct)/C_ data was a seperate Al-ferron reaction (Figs.
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30, 31; example plots for Al solutions suith n„=O.84 and

1.88, respectively). Thus the extended tailing of the ab-

sorbance·time functions at long times was indeed a terinary

reaction of Al with ferron and it was found to be well de-

scribed by psuedo-first—order kinetics.
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