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CHEMISTRY OF ALUMINUM IN NATURAL WATER

EFFECTS OF ORGANIC SOLUTES OI1’
CHEMICAL REACTIONS OF ALUMINUM

By C. J. Linp and J. D. HEm

ABSTRACT

Concentrations of organic matter in the general range of 1-10 milligrams per litre
organic carbon are common in natural water, and many naturally occurrine organic
compounds form aluminum complexes. The aluminum concentrations in nesr-neutral
pH solutions may be 10-100 times higher than the values predicted from solut ility data
if formation of such organic complexes is ignored. The processes of polymerization of
aluminum hydroxide and precipitation of gibbsite are inhibited by the prese~ce of the
organic flavone compound quercetin in concentrations as low as 10753 mole per litre.
Quercetin forms a complex, with a probable molar ratio of 1:2 aluminum to auercetin,
that has a formation constant (8s) of about 10!2. A complex with a higher
aluminum-quercetin ratio also was observed, but this material tends to evolve into a
compound of low solubility that removes aluminum from solution.

In the presence of both dissolved aluminum and aqueous silica, low concentrations of
quercetin improved the yield of crystallized kaolinite and halloysite. Small amounts of
well-shaped kaolinite and halloysite crystals were identified by electron microscopy in
solutions with pH’s in the range 6.5-8.5 after 155 days aging in one experimert and 481
days aging in a repeated experiment. The bulk of the precipitated material was
amorphous to X-rays, and crystalline material was too small a proportion of the total to
give identifiable X-ray diffraction peaks. The precipitates had aluminum-sili~on ratios
near 1, and their solubility corresponded to that found by Hem, Roberson, Lind, and
Polzer (1973) for similar aluminosilicate precipitated in the absence of organi- solutes.

The improved yield of crystalline material obtained in the presence of quercetin
probably is the result of the influence of the organic compound on the sluminum
hydroxide polymerization process.

Natural water containing color imparted by organic material tends to be higher in
aluminum than would be predicted by pH, silica concentrations, and solubility data for
inorganic aluminum species.

INTRODUCTION

Dissolved aluminum is involved in the important processes of rock
weathering and soil development. Studies of the structure of
aluminum hydroxide, the factors that affect concentrations of
dissolved aluminum and its inorganic complexes, and the processes of
formation of clay minerals have been described in earlier papers in this
series by Hem and Roberson (1967), Hem (1968), Roberson and Hem

Gl
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(1969), Smith and Hem (1972), and Hem, Roberson, Lind. and Polzer
(1973).

The effect of organic solutes on the geochemistry of aluminum is
generally minimal owing to the normally low concentrations of
organic matter, but under certain conditions, where concentrations
are higher, it can be significant. Some examples are the strong
complexes formed by humic acid and aluminum described by Pauli
(1966), the overall transformation of crop soil by aluminumnr pictured by
Fiskell (1969), and the possible binding of a sizable amount of dissolved
aluminum to dissolved organic matter, in soil water in the normal pH
range, demonstrated by Kaurichev, Nozdrunova, and Yevseyeva
(1969). In fact, Hoefs (1969) went so far as to say “that many geological
model cases which have been treated as pure inorganic systems are not
realistic at all, because, especially in sedimentary geology, there are
no pure systems without organic matter or micro-organisms.” Also,
Schnitzer (1971) stated that there is increasing evidence tl at the most
important component of “soil solution” is fulvic acid, as it likely affects
practically all reactions occurring in soils.

The association of aluminum with water-soluble organic matter
raises questions concerning its possible relationship to biota.
Aluminum is believed by some investigators quoted by Bov’en (1966, p.
174) to be an essential element for certain plants. The aluminum
concentration in the sap of plants that grow well in acid soils may be
very high; according to Chenery (1948) the sap of such plants may have
a pH as low as 3.9. Because of the increased solubility of aluminum at
acid pH’s, it can be taken more easily into these plants. Tt e silky oak,
Orites excelsa, a plant native to Australia, is reported to exude
aluminum succinate (Hem, 1970). Excessive amounts of aluminum
have been shown to be toxic to some plants, such as cottcn seedlings
(Huck, 1972), potatoes (Lee, 1971a and 1971b), sugarcane (Sumner
and Meyer, 1971), and alfalfa and barley (Hutchinson and Hunter,
1970).

This paper considers the influence of dissolved organic matter on the
processes of solution and precipitation of aluminum and aluminosili-
cates. The potential for increased concentration of aluminum due to
the presence of low molecular weight natural organic compounds at
possible concentrations is shown. A naturally occurring organic
pigment, quercetin, which is a large molecule having many of the
properties of the more soluble humic substance, fulvic acid, is used as a
model compound of higher molecular weight organic matter. This
compound is shown to react with aluminum, forming complexes and
precipitates and altering the process of formation of aluminum
hydroxides by retarding the crystallization and by facilitating the
formation of an intermediate material prior to establisking a final
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solid product. It also is shown to aid in the development of crys*alline
kaolinite from aluminum silicate solutions.

WATER SOLUBLE ORGANIC MATTER

The amount and character of organic matter in natural water varies
widely. These variations are caused by conditions influencing
biological activity such as source, season, and climate and by the
chemical, physical, and biological conditions existing betwe=n the
time of initial formation and the time of sampling.

CONCENTRATION IN NATURAL WATERS

A detailed and accurate picture of the forms and amount of dissolved
organic material in natural water is not presently available. However,
some indication of the amount can be obtained from the revworted
concentrations in different types of water from various loc-lities.
Filtered surface and bottom waters in the Rybinsk Reservoir, U.S.S.R.,
had concentrations ranging throughout the year from 4 to 12 mg/l
(milligrams per litre) of carbon as organic carbon (Skopintsev and
Bakulina, 1966). (This reservoir impounds 8 rivers and is located 200
miles (320 kilometres) north of Moscow.) Some relatively orgaric-rich
surface waters of the United States, studied by Christmen and
Ghassemi (1966) and Gjessing and Lee (1967), contained from 7 to 27
mg/l. Birge and Juday (1934) found from 1.2 to 28.5 mg/l, with a mean
of 7.7 mg/l,in a study of 529 lakes. Public water supplies from vrells in
the southwestern United States contained 0.7 to 1.6 mg/l, whereas
those from surface waters in southwestern United States and along the
Pacific Coast contained 1.1-7.7 mg/l (Nelson and Lysyj, 1968).
Kaurichev, Nozdrunova, and Yevseyeva (1969) tested some snils for
organic carbon during May, July, and October and found that after
ultrafiltration the soil waters at the surface contained from 24 to 616
mg/1 and those at roughly 45-60 centimetres in depth contained from 2
to 73 mg/l.

GENERAL CHARACTER OF ORGANIC SOLUTES

The ever-present naturally produced organic substances ir water
are the materials of principal interest for this discussion. The
manmade organics generally represent only a small fractior of the
soluble colloidal organic matter present in natural waters (Christman
and Minear, 1971), and the current emphasis on pollution abatement
hopefully will decrease their concentrations still further. According to
Degens (1965, p. 204) more than 500 organic constituents have been
extracted from sediments, soils, and natural waters.

Reactions with aluminum can occur in living matter and during its
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decomposition even before the organic matter becomes a dissolved
species within the water body itself. Thus, the source of dissolved
organic matter and the concentrations at its sources are of significance.
Christman and Minear (1971) stated that color in water isderived from
aqueous extractable material of living woody tissue, from the
dissolution of decomposition products of decaying wood and of soil
organic material, or from some combination of these processes.
Although these may be the more obvious sources, certainly algal
colonies also make some contribution. Kroes (1972) showed that
filtrates from two types of green algae were nearly 1x10~5 molar in
steam-volatile acids and, assuming his suggested minimum of 100 as a
molecular weight, 1.1-1.6x10~8 molar with regard to tt= phenolic,
yellow, water-soluble pigments. (In addition the filtrates contained
7.5-9.0 mg/l high molecular weight substances and 0.2-0.5 mg/l
lipophilic substances also with phenolic character.) Suggestive
evidence of a flavonol or catechin-type of tannin has been found in
excretes of certain marine algae (Craigie and McLachlan, 1964).

Many plant pigments are known to be strong complexers of metals.
One of their basic structures frequently is the benzo-y-pyrone unit.
This unit can also be found, as kojic acid, among the metabolic products
of the decomposition of pentoses and hexoses by mold. (Besides being
found in plants, sugars having the basic structure of pentose and
hexose are known to be a large part of the less stable fracticn of soluble
organic matter in natural waters.)

Catechol-related structures are common in organic materials such
as tannin, and a large variety of phenolic units is known to be included
in the structure of organic compounds from living substanc=s and their
decomposition products. Under the right conditions, the pl enols have
a capacity to oxidize to quinones, which in turn may form
semiquinones and dimers. A review of the sedimentary organics and
their source materials was given by Degens (1965). (Sedimentary
organics may be precursors to dissolved organics and (or) the result of
precipitation of them.)

Colored organic solutes derived from soil are frequently described by
the terms “fulvic” and “humic” acids. The terms are indicative only of
the methods used for extracting and separating the materials and do
not denote any definite chemical composition. All such materials are
known to be complicated mixtures. The three groups of compounds
considered to be the starting point for the development of humic
substances are phenolics and quinones, breakdown tproducts of
proteins (possibly in combination with quinones or phenols), and
breakdown products of carbohydrates (Duursma, 1965). Black and
Christman (1963) found indication that fulvic acids, the more water
soluble of the humic substances, are high molecular weight aromatic
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polyhydroxy methoxy carboxylic acids. Six years later, Schnitzer and
Skinner (1969) still considered that the nature of free radicals ir humic
compounds is a matter of speculation and that the most likely
possibilities are semi-quinone radicals associated with a condensed
ring system. Schnitzer (1971) noted that 61 percent of the weight of a
typical fulvic acid molecule and all of the oxygen is in its furctional
groups, largely COOH, OH, and C=0. He found that the major type of
reaction with metal ions involved both the acidic COOH groups and
the phenolic groups and that there was none with alcoholic OH groups.
Rashid (1972) listed the carboxyl, hydroxyl, quinone, other carbonyls,
and the amino groups on the periphery of the humic acid molecules as
the functional groups responsible for the higher metal solubility in the
presence of humic acid as compared with other organic structures.

Lamar and Goerlitz (1966) observed that the predominant organic
materials in naturally colored surface waters are a mixture of organic
carboxylic acids or salts of these acids. They concluded that the natural
organic acids are predominantly nonvolatile polymeric carhoxylic
acids having aromatic and olefinic unsaturation, some of which could
have been polymerized in aqueous solution. The arcmatic-
polyphenolic nature of colored substances in natural water is firmly
established by oxidative and reductive degradation studies (Christ-
man and Minear, 1971).

Color intensity is one mode of defining the amount of organic matter
present in natural water. However, the amount indicated to be present
by this method is only suggestive, as not all species even have color and
those that do vary in intensity under similar concentrations. Gjessing
and Lee (1967) found that slightly colored waters contain principally
the low molecular weight organics, while moderately or highly colored
waters have a greater amount of high molecular weight species. Some
of these species were found to have molecular weights as great as
200,000.

INFLUENCE OF SIMPLE ORGANIC LIGANDS ON AQUEOUS
ALUMINUM SPECIES

The degree of complexing of aluminum by organic ligands derived
from the simpler low molecular weight acids can be estimated from
published data on the stability of such complexes. In evaluating this
influence it seems appropriate to consider first the circumstances of
occurrence, the specific identity, and the concentrations of a few sub-
stances of this type.

OCCURRENCE AND FORM OF SIMPLE ORGANIC LIGANDS

The nature of these substances can more easily be grasped by an
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examination of the many more common individual organic ligands in
the source materials, such as plant debris and other material in or on
soils, than by viewing them at high dulution in large water bodies.
Bruckert (1970) found that malic, citric, and oxalic acids were the
principal organic acids in oak, beech, fescue, fir, pine, end callune
litter; as much as 6,560, 1,310, and 630 parts per million, respectively,
were present in samples of litter dried at 105°C. Other orzanic acids
present were succinic, lactic, glucoronic, quinic, vanillic,
p-hydroxybenzoic, p-coumaric, cafeic, gentisic (2,6-hydroxybenzoic
acid), gallic, chlorogenic, ferulic, and protocatechic (pyrocatechic) acid.
Kaurichev, Nozdrunova, and Yevseyeva (1969) identified the simpler
soluble organic acids in a soil extract as citric, fumaric, g'ycolic, and
tartaric acids. These soil solutions contained from 2.12 tn 69.7 mg/l
carbon as organic acid, and this amounted to 0.88-65 percent of the
total carbon present. In another soil solution, p-hydroxyber zoic, vanil-
lic, p-coumaric, and ferulic acids were identified and measured
(Whitehead, 1964). The concentrations of these acids were from
0.07x107% to 4.9x1075 molar. For example, p-hydroxyb=nzoic acid
was present in concentrations of 0.67-3.3 mg/l carbon. The soils tested
were calcareous loam (with rough grassland vegetation), sand (with
bracken), clay with flints (with beechwood), and clay loam (with black
currants and cultivated). Extracts from a mor site (forest humus with a
layer of largely organic matter abruptly distinct from the mineral soil
beneath) was found to contain 1.28x 105 molar citric acid, 3.62x 105
molar malic acid, 8.6 x 10~% molar oxalic acid, 1.0x 10 ~5 molar malonic
acid, 2.4x10~° molar acetic acid, and somewhere betwe~n 5.0 and
6.6x10~° molar succinic and lactic acid combined (Bruckert, 1970).
This adds up to a total of about 2.2x 10 "4 molar identified acids for this
soil solution. Stevenson (1972) mentioned values for aliphatic acids of
even as high as 1x1073 to 4x1073 molar in soil solutions.

Acids recovered from the more volatile 10 percent of the organic
acids in naturally colored surface waters were identified as acetic,
adipic, butyric, caproic, fumaric, lactic, maleic, malonic, oxalic,
phthalic, propionic, succinic, and valeric acids (Lamar ard Goerlitz,
1963,1966). They found the concentrations of these acids to range from
traces (4 ug/l (micrograms per litre)) to 592 ug/l (valeric acid). The
presence of carboxyl and in many cases phenolic hydroxyl groups is
characteristic of these identified acids, and like fulvic acids, these
groups play an important part in organometallic reactions.

MECHANISMS OF ORGANOALUMINUM INTERACTIO!'S

Aluminum minerals are moderately soluble at pH’s of 5 or less; the
resulting Al3* species reacts strongly with the negative organic
ligands. Aluminum concentrations again increase above pH 7 with the
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production of A1(OH)4 ™. This anion, of course, will not be inclined to
react with the predominantly negatively charged organic ligands.
Complexing of aluminum by dissolved organic ligands would ¢1so be a
function of pH in another way. Because most such ligands zre only
weakly acidic, potential attachment sites for cations will be o~cupied
by H* and will not be readily available at low pH. Aluminum com-
plexes should be most readily formed with rather strongly acid organic
species that are considerably dissociated with regard to H* at pH’s less
than 5. Some types of naturally occurring organic materials showing
this behavior are oxalic acid and some of the similar aliphstic car-
boxylic acids such as malonic and succinic acids. Some aromatic acids
such as salicylic (ortho-hydroxybenzoic acid) release carboxylic H* at
pH’s below 5. This may be of particular significance becaus® many
naturally occurring colored organics in river and lake water ar~ stated
by various investigators to be polymeric aromatic acids with carboxyl
and phenol groups. Salicylic acid is a highly simplified monomeric
structure of this type. Data in Sillén and Martell (1964) show that
aluminum forms strong complexes with salicylic, oxalic, malonic, and
kojic acid. Also, Huang and Keller (1972) observed thet more
aluminum was brought into solution by the action of citric, tartaric,
and salicylic acids on bauxite than could be accounted for simply by the
lowering of the pH by these acids. Table 1 presents the theoretical
amount of aluminum possible due to pH decrease along with the
amount reported by Huang and Keller (1972). Complexing ef‘ects for
many of the simple acids with aluminum have apparently rot been
evaluated. It might be interesting to note here that Chenerv (1948)
reported that the sap of aluminum-accumulating plants hed a pH
range from 3.9 to 5.2.

Phenolic sites alone are not favorable for attachment of aluminum
cations because the phenolic hydrogen is not dissociated significantly
at pH’s where aluminum cations can exist in important proportions.
However, the phenolic site is not to be completely ignored. For exam-
ple, when this site is located such that it is favorable for hydrogen

TaBLE 1.—Concentrations of aluminum dissolved from bauxite by 0.01 molcr organic
acids compared with that which could theoretically be dissolved in their absence at the
same pH

Aluminum in Al 1minum in
presence of zbsence of
Organic acid pH complexing acid complexing acid
tmg/1) (mg/)
Citric __________ 3.14 68.4 51.6
Tartaric ________ 3.13 81.0 55.3
Salicylic ._______ 3.35 84.4 12.1

‘Huang and Keller (1972).
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bonding with another functional group, the capacity for tI< molecule
to dissociate is enhanced. This is shown by salicylic acid,
o-hydroxybenzoic acid, whose dissociation constant is 107390, as op-
posed to p-hydroxybenzoic acid with a constant of 10-453 and to
m-hydroxybenzoic acid with a constant of 10-5.85 (Sillén and Martell,
1964).

The strong binding of metals by chelation (involving more than one
point of attachment on a single organic molecule) should be acknow-
ledged. Here again salicylic acid and also kojic acid are examples. The
dissociation of kojic acid is small at neutral pH (K;=10"7-85) and of the
monovalent salicylate ion is extremely small (Ke=107124) and yet
the total complexing effect on aluminum is sizeable as shcwn later in
figures 5 through 8. Martell (1971) stated each metal chelate ring
formed increases the stability constant by a factor of about 100. He said
that the tight binding of the metal ion by chelation prevents it from
dissociating to any degree even at high dilutions, while similar com-
plexes with quite high stability constants are well dissociated in dilute
solutions.

THEORETICAL EVALUATION OF COMPLEXING EFFECTS

Some indications of the potential importance of organic complexing
in aluminum chemistry is provided by the theoretical evaluation of the
influence of various organic ligands on the solubility of aluminum at
equilibrium with solid aluminum hydroxide and the more soluble
aluminum silicates and the comparison of this influence vrith that of
fluoride. The selected organic compounds were oxalic, malonic,
salicylic, and kojic acids, and the dihydroxy phenolic compound
catechol. The structural formulas of these compounds ard the total
organic carbon concentrations represented by 102 molar solutions of
each are given in table 2. Fluoride concentration is 0.19 mg/l when
1075 molar.

Acidity constants and stability constants for the organoaluminum
complexes are given with the appropriate mass-law equations in table
3. Where necessary, the constants were adjusted to zero ioric strength
using the Davies equation (Butler, 1964). The activity coeff cients used
are listed in table 4. Also given are solubility equilibria and equilib-
rium constants for microcrystalline gibbsite, gibbsite, bayerite, syn-
thetic halloysite, and kaolinite. In additon, the equilibria and stability
constants needed for computing activities of hydroxide and fluoride
complexes of aluminum are given in table 3. In all these equilibria, the
activity of water and the solid phases is assumed to be equal to 1.

The effects of each of the five organic compounds on aluminum
solubility and the amount of the organic complexes as corpared with
inorganic ones are shown graphically in figures 1-10. The solubility
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TABLE 2.—Structure of complexing ligands and their content
of organic carbon at 1 x 105 molal

Name Structure Orga(r;xi;:g/cla)rbon
Oxahicacid ________ COOH 0.24
COOH
Malonic acid ______ ?OOH
QHz .36
I
COOH
Salicylic acid ______ S I OH .84
A COOH
Kojic acid __________ OH E H .72
N VNS
C
I (”;
H/ \O/ \CH2 OH
12
Catechol ______ OH
~ OH
A

plots (figs. 1, 3, 5, 7,9) show the total of aluminum species in solution
from pH 4.0 to 9.0, assuming equilibrium at standard temperature and
pressure, with synthetic halloysite. A concentration of 10~3-43 mole/l
(mole per litre) or 20 mg/1 as SiO, of dissolved silicic acid was arsigned,
but other species in solution were assumed to be low enough tc permit
using unit activity coefficients. The calculations also carry the in-
herent assumption that the organic aluminum compounds that might
be formed are more soluble than halloysite throughout the pl* range
considered.

The solubility calculations involve three principal steps. First, the
total equilibrium activity of monomeric aluminum ions (Al3+,
AI(OH)2*, AI(OH)y*, and Al(OH)4~) was calculated from the
halloysite solubility expression for a selected silica concentration and
pH value. Second, the total activity of the organoaluminum complexes
was calculated for that pH and the corresponding calculated A3
activity, using the summation of the organic species concentration.
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EFFECTS OF ORGANIC SOLUTES G15

TABLE 4.—Activity coefficients, vy, at designated ionic strengths

[Reference columns: 1, from Butler (1964, p. 435); 2, presumed from data in Butler (1964, p. 435); 3, presumed from
data in Garrels and Christ (1965, p. 103); 4, presumed from Butler (1964, p. 438)]

A Ionic Activity Ionic Activity

parameter Charge strength  coefficient Reference strength  coefficient Reference

3 -1 0.01 0.899 1 0.2 0.72 4
1 +1 .01 914 1 I R —
4 -1 .01 901 2 [ - R
3 -1 .01 .899 2 o R
5 -2 .01 .670 1 1
3 -1 .01 .899 2 R
5 -2 .01 .670 1
6 -1 01 .907 1
6 -2 01 .675 2 R R R
[ -1 01 .907 1 1 .80 2
6 -1 01 907 2 2 .72 4
6 -2 .01 .675 2 2 .28 4
[ — 3 -1 .01 .899 2 . I I
AP+ 9 +3 .01 445 1 .06
4 +2 .01 .660 2 R I [
4 +1 .01 .901 2 R R S
4 -1 01 901 2 eem [ -
4 +1 01 901 2 1 68
4 -1 01 901 2 1 .68 3
9 -3 01 445 2 1 .03 4
4 -1 01 901 2 S R R
9 -3 .01 .445 2 J— J— -
4 +1 .01 901 2 J— R .
7 +2 .01 .685 2 1 .43 2
9 +1 .01 914 2 1 .83 2
4 +1 .01 901 2 2 72 4
4 -1 01 901 2 2 72 4
9 -3 .01 .445 2 2 .06 4
4 +2 .01 .660 2 R R
4 +1 .01 801 2 I -
4 -1 01 .901 2 R -
4 -2 01 660 2 [ B

The third step involved the summation of the aluminum species. The
calculations were simplified by expressing the summation ecuations
in terms of Al3+ and H+* activities. The calculation is repeated for as
many values of pH and total organic concentration as may be needed to
outline the curves for total organic contents of 0, 10 =400, and 10~5-00
molar.

A second type of graph was prepared for each of the organic
compounds to compare the organic complexing effect with that of
fluoride and hydroxide, the two inorganic ions common in natural
water that complex aluminum most strongly. These graphs (fgs. 2, 4,
6, 8,10) are based on the same relationships that were used to compute
solubility, with added equilibria and summations for aluminum
fluoride complex species from table 3. The regression lines on each
graph represent conditions under which the total complexed
aluminum is equally divided between fluoride and organic aluminum
species.

In the preparation of these latter graphs, it was first specified that
aluminum solubility was controlled by equilibrium with s;nthetic
halloysite, at a silica concentration of 20 mg/l SiOy (10~3-48 molar). A
summation of organic complex species, in terms of the free ligand and
uncomplexed aluminum activities (and of pH if necessary), vras then
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4-00 Hole/1 oxalic acid

———— 10

_________ 10590

mole/| oxalic acid

oxalic acid absent

LOG TOTAL DISSOLVED ALUMINUM, IN MOLES PER LITRE

4.0 5.0 6.0 7.0 8.0 9.0
pH

Ficure 1.—Effects of oxalate complexes on equilibrium solubility of alumrinum in the
presence of synthetic halloysite. Dissolved silicic acid 10348 mole/l (20 mg/l as SiO,).
Position of solubility intercepts for four other solids shown by numbers at right (see
text).

equated to a summation of fluoride complex species in terms of free
fluoride and aluminum activities. A pH is specified, along with a
convenient value for activity of the free organic ligand, and a value for
[F~] can then be obtained which satisfies the equation. Tt pH that
was specified earlier in this manipulation fixes the activity of free
aluminum. From the activities of the free ligands and the other
information, it is possible to calculate equilibrium totals of dissolved
fluoride species and of the organic compound. The graphs use these
totals as ordinate and abscissa. The final result of the calculation is one
point on a curve for the pH selected. The whole calculation is repeated
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1.0 A R B

-3.0 — —

40 —

LOG TOTAL DISSOLVED FLUORIDE, IN MOLES PER LITRE

60 A B R S R
-6.0 -5.0 -4.0 -3.0 2.0 -1.0

LOG TOTAL DISSOLVED OXALATE, IN MOLES PER LITRE

FIGURE 2.—Line separating fluoride and oxalate complexing domains, pH 4.5-7.0;
aluminum concentration controlled by solubility of synthetic halloys‘te.

for additional pH and free ligand values to give enough points for
plotting of curves.

Some of the organic compounds showed no important pE' effects
between pH 4.5 and 6.0, and one regression line can be used to show the
specified relationship. For other compounds, however, there is a strong
pH effect, and several curves are required to demonstrate this. Figure
1 shows a substantial increase in aluminum solubility, especizlly near
pH 6, when the higher oxalate concentration is present. Figure 2 shows
that the oxalate ion is comparable with fluoride in strength of
complexing with aluminum. Neither species is able to compete very
effectively with hydroxide in alkaline solutions, however, as shown by
the convergence of solubility lines in figure 1 above pH 7.

The shape of the solubility traces in figure 1 is the same for any
aluminum mineral whose solubility products in acid and alkaline
solutions involve [H*}/[A13*] or [H* ]/[ AI(OH),~ ] ratios the same as
those of microcrystalline gibbsite. This permits a broader use of the
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-1.0 - T T T T T T T T

———— 107*°% mole/I malonic acid

_________ 10-5.00

mole/l malonic acid

malonic acid absent

1.0

2.0

3.0

4.0

LOG TOTAL DISSOLVED ALUMINUM, IN MOLES PER LITRE

4.0 5.0 6.0 7.0 8.0 9.0
pH

Ficure 3.—Effects of malonate complexes on equilibrium solubility of alu™inum in the
presence of synthetic halloysite. Dissolved silicic acid 10~3-4 mole/l (20 mg/] as SiO,).
Position of solubility intercepts for four other solids shown by numbers at right (see
text).

diagram. By displacing the curves up or down, equivalent to shifting
the vertical scale, the same drawing will represent the solubility of
various forms of gibbsite or of 1:1 clay minerals such as halloysite and
kaolinite. The amount the scale should be shifted can be determined
from the difference in the molar free energies of the solids when their
formulas are the same, as in the gibbsite or in the kaolinite species.
The clay mineral solubilities also are a function of the amount of silica
in solution, but the appropriate shift of the vertical scale can be readily
computed for any H,SiO4 activity that is compatible with the assumed
solid.
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FicUre 4.—Line separating fluoride from malonate complexing domaius, pH
4.5-7.0. Aluminum concentration controlled by solubility of synthetic halloysite.

The intercepts at the pH 9.0 axis, by the right limb of the solubility
plot, are for different sets of conditions, as follows:
1. Fresh AI(OH);3 precipitate at alkaline pH, microcrystalline gibbsite
in acid, no silica.
. Synthetic halloysite, dissolved silica, 60 mg/l as SiOsq.
. Well-crystallized bayerite at high pH, gibbsite at low pH, no silica.
. Well-crystallized kaolinite with AG°=-903 kilocalories/mole,
dissolved silica, 20 mg/l as SiOs.
The wide spread of solubility implied by these conditions (nearly three
log units) points up very clearly the importance of knowing the type of
solid one deals with when attempting to predict aluminum solubility.
Increasing ionic strength also will increase the apparent solubility

N
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-1.0 T | T I T { T I T
g — — ——— 10"*%% mole/I salicylic acid
E 20 -
]
c | m—mmmm———- 107590 mole/| salicylic acid
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Ficure 5.—Effects of salicylate complexes on equilibrium solubility of aluminum in the
presence of synthetic halloysite. Dissolved silicic acid 10 ~3-48 mole/l (20 rg/l as SiO,).
Position of solubility intercepts for four other solids shown by numbers at right (see
text).

of aluminum, but not to the same extent at all pH levels; hence asimple
shift of scale will not show ionic strength effects accurately. A
recalculation taking ionic strength effects into account can be made
using activity coefficients in table 4. The effect is strongest at low pH
where multivalent ionic species predominate.

Figure 3 shows the solubility of synthetic halloysite in the presence
of malonic acid and 10348 mole/l of silica. Malonic acid is similar to
oxalic acid in having two carboxyl groups, but it has one more carbon
atom than oxalic and is a somewhat weaker acid. The complexing
action of malonic acid toward aluminum is significantly weaker than
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Fi1cuRre 6.—Lines separating fluoride from salicylate complexing domains at pH 5.00,
6.00, and 7.00. Aluminum concentration controlled by solubility of synthetic hal-
loysite.

that of oxalic acid. Its action is also weaker than that of fluoride, as
indicated by figure 4.

Salicylic acid has a benzene ring structure, with one pherolic and
one carboxylic hydrogen. The influence of this ligand on aluminum
solubility is indicated in figure 5. This complex species does not
influence aluminum solubility to a significant extent above ¢bout pH
6.5.

Unlike the oxalate and malonate complexes, the strength of the
salicylate complex seems to vary with pH in the pH 5-7 range. In figure
6 the three lines representing equal totals of fluoride and s~licylate
species each have different trajectories.

Kojic acid has a rather substantial complexing effect at pF 7.00, as
shown by figures 7 and 8. Here the complexing is less influenc~d by pH
than in the case of the other organic compounds studies. This acid does
not possess a carboxyl group like so many of the common low mrolecular
weight organic acids. Instead it has a benzo-y-pyrone structure, and
because of resonance, the carbonyl and adjacent OH groups present a
chelation site.

The complexing effects of catechol on aluminum are relatively weak
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-1.0 T T T T T T T T

_—  —10™*9 mole/I kojic acid

_________ 10°5-00

mole/| kojic acid

kojic acid absent

LOG TOTAL DISSOLVED ALUMINUM, IN MOLES PER LITRE

7.0 | 1 | | ' 1 | 1
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pH

Ficure 7.—Effects of complexes with kojic acid on the equilibrium solubility of
aluminum in the presence of synthetic halloysite. Dissolved silicic acid 10348 mole/l
(20 mg/l as SiOy). Positions of solubility intercept for four other solids shown by
numbers at right (see text).

and summarized in figures 9 and 10. Like salicylic acid the strength of
the catechol complexes is influenced by pH.

As noted earlier, it was assumed for the preparations of figures 1-10
that organic aluminum species would be more soluble than gluminum
hydroxide or clay minerals and that the influence of organic
complexing on aluminum solubility would, therefore, always be in a
positive direction. Data on actual solubilities of organic compounds of
aluminum are not readily available. Some of these compounds,
however, may have solubilities low enough to act as effective controls
over aluminum concentration in solution, and the complexing action of
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Ficure 8.—Line separating fluoride from kojic acid complexing domains for pH 5.00—
7.00. Aluminum concentration controlled by solubility of synthetic halloysite.

such species could depress the solubility of aluminum rather than
enhance it. The ligands of organic species with this kind of potential
effect are themselves generally of rather low solubility in water, and
their effect is commonly considered to be a type of chemisorption
reaction.
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catechol absent
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Ficure 9.—Effects of complexes with catechol on the equilibrium rsolubility of
aluminum in the presence of synthetic halloysite. Dissolved silicic acid 10 ~3-48 mole/l
(20 mg/l as SiOy). Positions of solubility intercept for four other solids shown by
numbers at right (see text).

Besides these simple organic ligands, many others are rossible in
natural systems owing to substitution by other functional groups.
These, too, are capable of complexing aluminum. A comparison of the
stability constants of the simplest aromatic structures of several of
them with those of salicylic acid will demonstrate the potential
towards complexing that they offer. (See table 5.) Some of these
structures might also be found as part of the fulvic and humic acid
molecular structures.

In summation, it can be said that over much of the pH range of
minimum solubility of synthetic halloysite and microcrystalline
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F1cURE 10.—Lines separating fluoride from catechol complexing domains at pH 5.00,
6.00, and 7.00. Aluminum concentration controlled by solubility of synthetic hal-
loysite.

gibbsite, complexing of aluminum by organic ligands of low malecular
weight can be at least as important as that due to the strong inorganic
complexes with fluoride or hydroxide ligands.

INFLUENCE OF LARGER ORGANIC MOLECULES®
ON THE BEHAVIOR OF DISSOLVED ALUMINUM

Large organic molecules associated with natural coloring material
in water may approach or even exceed colloidal dimensions.
Combinations of aluminum with these organic species may change
aluminum- solubility or interfere with or alter mecharisms of
formation of aluminum hydroxide or aluminosilicates.

CHOICE OF A REPRESENTATIVE COMPOUND

To study the behavior of large organic ligands toward aluminum, a
series of experiments was performed using a single well-defined
compound, associated with macromolecular structures, that possesses
many of the characteristics discussed so far. Besides the lignins,
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flavan-3,4-diols and flavan-3-ols may be among the sources of colored
macromolecules, as they undergo condensation polymerization reac-
tions (Christman and Minear, 1971). The biosynthetic formation of a
tannin polymer is by means of flavanone to flavan-3,4-diol to
flavan-4-ol (Harborne, 1972). Thus, a structurally related compound
could be considered. (See figure 114.) The flavonoids are the largest
group of naturally occurring phenols (Seikel, 1964); of the some 600
flavonoids that have been isolated and fully characterized, quercetin,
kaempferol, and flavadiol are the most common (Harborne, 1972;
Bate-Smith, 1969). Quercetin, whose complexing capacity is well
known, was chosen for the study. The structure of quercetin and the
rearrangement of a flavonol to the quinoid structure in an alkaline
medium are given in figures 11B and C. (It might be noted that the
benzo-y-pyrone structure and adjacent OH’s on a benzene ring are both
found in the quercetin molecule. The complexing by each of these
structural components alone has already been discussed.)

PREPARATION OF QUERCETIN STOCK SOLUTION

A stock solution of purified quercetin was prepared and used at
various dilutions for tests described in this text. A commercially
obtained material was purified by the method described by Johnston,
Stern, and Waiss (1968), by separation in a methanol solution on a
column of Sephadex LH-20. The elution aliquots to be saved were
identified by measuring their absorbance by means of a spec-
trophotometer. Measurements were made at 370 nm (nanormetres), as
mentioned by Porter and Markham (1970b). The quercetin was then
crystallized from the methanol, dried in a vacuum dessicator, and
further dried for 1 hour at 120°C with no loss of weight. (The quercetin
dihydrate loses its two water molecules at 95-98°C and deccmposes at
314°C, Strecher and others, 1960.) The purified quercetin is sparingly
soluble at neutral pH. To prepare a sufficiently concentrated stock
solution, a finely ground weighed amount was dissolved ir distilled,
demineralized water by adding dilute sodium hydroxide by drops with
constant stirring. The pH was kept below 8.65 during the preparation
of the first stock solution and below 8.50 for later preparations.
According to Robinson (1967), the oxidation of flavonols in alkaline
solutions, open to the air, is slow enough that mildly alkaline solutions
may be used in their preparation. Aeration of the solution was kept at a
minimum. When the solid was completely dissolved, the excess base
was neutralized with standardized perchloric acid, and the final
solution thus contained some sodium perchlorate.

PRECIPITATION IN ALUMINUM-QUERCETIN SOLUTIONS

Aluminum may combine chemically with quercetin in the lower pH
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FiGUuRe 11.—Structural representations: A. Flavan-3,4-diol structure, B. Quercetin
molecule, C. Rearrangement of flavonol to quinoid structure in alkaline solution (after
Robinson 1967).

ranges to form a material of low solubility. Also, some types of large
organic molecules may form relatively stable colloidal c¢r larger
aggregates with aluminum hydroxide. The potential importance of
such effects was examined by a series of preliminary experiments.

Five equimolar solutions of aluminum and quercetin were pvepared.
The solutions had concentrations of 1x10-5, 1.5x10-5, 3.5%x1079,
5x1075, and 8x10~° molar with regard to each constituent and were
0.01 molar in sodium perchlorate. These solutions were rlaced in
125-millilitre boron-free glass bottles, having moisture-tight seal
caps, and allowed to stand at 25°C. From time to time determinations
were made of turbidity, aluminum concentration, flucrescence
emission, and pH. So as not to alter the process of precipitation by
agitation, a new bottle was opened at the time of each check, leaving
the remainder of the solution undisturbed. The pH of these solutions
was near 4.50 at first but increased to values near 5.00 during the
aging period.

By the end of the 2-month aging period, the solutions with the two
higher aluminum and quercetin concentrations had developed a
substantial turbidity and had lost much of their original dissolved
aluminum. These changes can probably be ascribed to the formatica



G30 CHEMISTRY OF ALUMINUM IN NATURAL WATER

and precipitation of some chemical compound of aluminum with
quercetin. However, the dissolved aluminum remaining at the end of 2
months is nearly the same as would be predicted for equilibrium with
microcrystalline gibbsite. The polymerization process for production of
gibbsite ordinarily entails a decreasing pH, but the quercetin in these
solutions might have reacted with H+. No detailed study of the
precipitates was made, but electron micrographs showed almost no
gibbsite crystals were present.

Upon excitation by light, derivatives of benzo-y-pyrone emit
fluorescence at specific wavelengths, depending on the structure
involved. In the case of quercetin, the addition of aluminum to the
structure changed the number of emissions from one to two, and they
were at wavelengths different from that of the pure quercetin
structure itself. Emission for these two centered at 490 and 565 nm and
was observed throughout the aging period.

The behavior of the aluminum-quercetin solutions can be briefly
summarized as follows:

1. All solutions emitted fluorescence at 565 and 490 nm, about in
proportion to the initial aluminum and quercetin concentrations,
but the fluorescence intensity decreased with time.

2. The loss of fluorescence was generally associated with development
of turbidity and precipitation.

3. During the 2-month aging period, a decrease in dissolved
aluminum and an increase in pH occurred in all the solutions, but
it was observed after shorter aging periods in the solutions with
the higher initial concentrations of reactants.

4. The precipitate was mostly an aluminum-quercetin cympound,
perhaps with a small admixture of gibbsite.

ALUMINUM-QUERCETIN COMPLEXES

The nature of the reacting species at the time of preparing the
solutions can be deduced readily. The pH of the aluminum pevchlorate
solution was below 3.00, and that of the sodium quercetin above 5.00
(5.90 for 1x10-5M to 5.03 for 8x10~-5M); both were 0.01 molar in
sodium perchlorate. At the low pH of the aluminum solution, the
aluminum is all in the Al(H,0)g+3 state, but at the adjusted pH of the
mixture (4.50), about 16 percent is in the Al(Hy0)5(0H)*2 state and
about 6 percent in the Al(H,0),(OH),*! state. Titrations of 1x1073
molar sodium quercetin solutions with standard acid and l'ase gave
indication of one inflection point below pH 7.00, and this was at pH
5.56. The quercetin anion probably has one negative charge site
available on most units, and in the mixing process aluminum cations
or protons might become attached there. To evaluate the complexing
reaction more closely, the properties of prepared solutions were
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measured over a period of time to establish the final complexing ratios
and to determine if these ratios represented relatively stable soluble
complexes or if the slowly precipitating solid that formed had a
well-defined composition.

Several conclusions can be made from Porter and Markham (1970a,
b, c¢). The amount of complexing and the ratio of aluminum to quercetin
complexed depends on conditions such as pH, nature of the solvent, and
the structure and concentrations of the reacting substances. From
figure 11 it is evident the quercetin molecule has three places where
oxygen and (or) phenolic OH are located at adjacent sites. Sites of this
type might constitute favorable locations for aluminum ion attach-
ment. In other words, aluminum might be attached at the 3'-4’
position, the 5-hydroxy-4-keto-position, and the 3-
hydroxy-4-keto-position, the latter probably being the most preferred

site.
COMPOSITION OF COMPLEXES

Two approaches were tried in an attempt to identify the ratios of
aluminum to quercetin in the complexes and precipitates. The first was
the method of Job (1928), where the total of the two constituents is held
constant in a series of solutions but the metal to ligand ratios differ,
and the second method was a modification involving a series of
solutions in which one constituent was held constant and the other
varied. Fluorescence was measured at 565 and 490 nm for each
solution.

The sum of the concentrations studied using Job’s method was
2x10~5 molar in aluminum plus quercetin. The fluorescence
emissions at 565 and 490 nm were measured after 1, 6, and 19 days of
aging. The mole ratios of aluminum to quercetin examined were 0:10,
1:9, 1:4, 3:7, 1:2, 2:3, 1:1, 3:2, 2:1, 7:3, 4:1, 9:1, and 10:0. The maximum
in fluorescence should be observed at the ratio corresponding to the
composition of the complex causing the fluorescence. The pI's of the
solutions increased somewhat during the experiment, but the
turbidity even through the 19th day was in the range of pure water,
indicating no significant precipitation. A small amount of fluorescence
is given off by quercetin itself at the wavelengths observed for the
fluorescence of complexes. Consequently, to assist in interpreting the
fluorescence due to complexes, the readings were corrected for the
effect of quercetin according to the method of Vosburgh and Cooper
(1941). The final results are shown in figures 12 and 13. Fluorescence
intensities are represented in arbitrary units on a linear scale of 0-100
and are not directly convertible to ion concentrations. However, the
conditions of measurement were the same for all samples, and the
intensity values, therefore, indicate relative concentrations of
complexes and are a valid measure of changes or differences. The
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Ficure 12.—Intensity of fluorescence at 565 nm in solutions having various aluminum
to quercetin molar ratios. Total solute concentration constant.
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FicUure 13.—Intensity of fluorescence at 490 nm in solutions having various aluminum
to quercetin molar ratios after 1 day. Total solute concentration corstant.

565-nm curve had a maximum near an aluminum to quercetin ratio of
2:3 on the 1st and 6th day and became sharper, centering around 1:2 by
the 19th day. The intensity of fluorescence did not change greatly
during the 19 days. The 490-nm curve had a maximum near 7:3 when
the solutions were aged 1 day, 3:2 when aged 6 days, and became
sharper at 3:2 after 19 days aging. The intensity of this fluorescence
was noticeably greater at the first measurement than it was in later
measurements, and the later two sets of data points are not shown in
figure 13.
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The attempt at the method where one component is held constant
was done with the quercetin concentration held at 1x10-5 molar. The
soluble complexes were measured immediately after mixing and after
6 and 14 days of aging. The ratios of aluminum to quercetin measured
were 0:10, 1:4, 1:3, 2:5, 9:20, 1:2, 3:5, 2:3, 3:4, 1:1, between 6:5 and 5:4,
4:3, 3:2, about 5:3, 2:1, 9:4, and 5:2. A plot of fluorescence intensity
versus the aluminum-quercetin mole ratio should give a curve with a
change in slope at the composition of the complex causing the
fluorescence. The pH’s of the solutions immediately after mixing
ranged from 4.49 to 4.51, on the 6th day from 4.49 to 4.60, and on the
14th day 4.56 to 4.75. The turbidity of all the solutions at eacl" of these
times was well within the range of pure water. Because the quercetin
concentration was held constant, no correction was applied for its
presence. The 565-nm plot, figure 14, had a smooth curve when aged
only 1 day. By the 6th day, however, the plot had a sharp break at the
1:2 ratio. Measurements made at 14 days are not shown and gave more
scatter; however, they also indicated a 1:2 ratio. The fluorescence at
this wavelength did show some decrease with time, particularly at the
higher ratios. The 490-nm readings did not give interpretable results.
The intensity of the fluorescence at the 490-nm wavelength decreased
substantially during the 14-day aging period. In conclusion, it can be
said that quite likely the 565-nm fluorescence peak represents a
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F1Gure 14.—Intensity of fluorescence at 565 nm in solutions havine various
aluminum to quercetin molar ratios. Quercetin concentration cons*ant.
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complex with an aluminum to quercetin ratio of 1:2 and the 490-nm
peak a complex, richer in aluminum, with a 3:2 ratio.

Observations during these tests indicate that the high aluminum to
quercetin ratio complex, represented by the 490-nm fluorescence, is
the less stable and may be a precursor of solid material. Tt basis for
this statement is that this complex is the one that loses fluorescence
when the turbidity becomes greater than that of pure water and also
that the peak is decreased when these test solutions are filtered. The
loss of fluorescence may be explained by polymerizaticn to mac-
romolecules and subsequently to particleslarge enough to precipitate.

Even though it is recognized that Job’s method is strictly applicable
only to systems simpler than the one investigated here and cannot be
used to determine accurate stability constants for these complexes, the
qualitative indication that the method gives of complex composition is
probably useful.

A second series of tests was made using Job’s method with somewhat
more concentrated solutions. The sum of the concentrations of the
initial solutions was 4x10~° molar in aluminum plus quercetin.
Before this experiment was completed, a noticeable amount of
precipitate had formed in most of the solutions, and the fluorescence
had largely disappeared. However, the results again indicated molar
ratios of 1:2 and 3:2 aluminum to quercetin for the two complexes.
From consideration of the results of Porter and Markham (1970c), who
studied quercetin complexing and dissociation in a nonaqueous
system, one can picture the more soluble 1:2 complex with quercetin in
water at pH 4.5 as the structure represented by figure 15A. The second
aqueous complex ratio, 3:2, might be represented by figure 15B. The
complexes appear to be unstable or at best sparingly soluble, however,
and one might question the significance of any effort to specify exact
values of thermodynamic stability constants.The amount of ionization
of quercetin is small in the final aqueous solutions. Taking the pK, of
5.56+0.08 (K is the quercetin acid dissociation constant) and a final
pH of 4.55 and assuming the total concentrations of quercetin as
1x10-5% and 2x10~5 molar, the calculated concentration= of HyL ~
would be 1x10-6 and 2x10-6 molar, respectively, or only about 10
percent of the total quercetin. (The activity coefficient used, 0.912, was
that for dibenzyl acetic acid (Butler, 1964), and the 0.01 ionic strength
of the solution was considered.) However, there may be otl or factors
influencing quercetin complex formation besides the previously
discussed acid dissociation. Martell (1971) gave a rather thorough
description of chelation and references for further purswit of the
subject. He indicated that the combination of a ligand with @ metal ion
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involves the displacement by the ligand of one of the water molecules
from the fully coordinated metal ion hydration shell. The nature and
size of the coordinated donor groups of the solvent and attached ligands
determine the coordination numbers of the metal ions. If the number of
donor groups matches the coordination number of the metal, the
chelate or complex is stable, but if not, and the relatively active “aquo”
form exists, several types of reactions can occur. Strong polarization of
the donor atoms and adjacent parts of the organic molecules results
when the metal and ligand combine, shifting electrons tcward the
metal ion. This change of electron distribution can lead to snlvolysis,
rearrangement of the organic molecule, and even decomposition
reactions. Thus, an accurate understanding of the final pre~ipitation
process and probably even the complex development requires more
information than we have been able to obtain in our experiments.

Attachment of the aluminum ions at the keto and hydroxy! positions
is somewhat similar to that of complexing by kojic acid and at the
phenolic hydroxide positions to that of complexing by catechol,
represented in figures 7 and 9 respectively. The low solubility of the
product formed with quercetin, however, implies that the influence of
quercetin on aluminum behavior might differ from the solubility
enhancement predicted for the other organic ligands. It seems likely,
for example, that a concentration of 10—4 molar for quercetin cannot be
reached at pH 5 when the concentration of aluminum is of a rear order
of magnitude.

Figures 12 and 14 can be used as a basis for estimating the strength
of the 1:2 aluminum-quercetin complex which fluoresces at 565 nm. At
the maximum fluorescence reached, the quercetin may, as a first
approximation, be assigned entirely to the complex AlQy (where Q
stands for quercetin). From the stoichiometry a concentration of
uncomplexed aluminum can be assigned. The concentration of
uncomplexed quercetin, however, can only be said to be small
compared with the total amount and cannot be assigned any specific
value. Nevertheless, one may now select a point lower on the
fluorescence curve that represents an intensity less than the
maximum by some specific factor and calculate from this the emount of
quercetin complexed at that point. The amounts of free aluminum and
quercetin can be approximately calculated from stoichiometry applied
to the aluminum quercetin ratio indicated on the X axis of the graph.

Several repetitions of this calculation give values for 8-~ for the
formation of AlQ,,

Al*342Q~=AlQ,*,

of about 10'2, which is applicable at the pH of the test solutions
(4.5-5.5). This approach ignores possible effects from the other
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aluminum-quercetin complex that fluoresces at 490 nm, but this
complex appears to be too unstable to treat as an equilibrium species.
The method of estimation is subject to many uncertainties, and the
value of By for the quercetin complex given here is only a rough
approximation.

Although the effect of quercetin on equilibrium solubility of
aluminum near pH 5.00 probably is similar in magnitude to the effect of
malonate shown in figure 3, there are important differences. Low
solubility of quercetin and the tendency to form higher complexes that
are even less soluble are important. Also, the chemistry of the
quercetin complexes is not fully evaluated. The influence of pH, for
example, is uncertain, and the tendency for the pH of solutions
containing quercetin and aluminum to increase during aging is not
fully explained.

MODIFICATION OF ALUMINUM HYDROXIDE PRECIPITATE BY TRACES OF
QUERCETIN

Organic complexes of aluminum may influence the chemical
behavior of the element in other ways, besides their effect on
equilibrium solubility. Where concentrations of the oganic ligand are
too small to form complexes with a major part of the cissolved
aluminum, there may still be threshold effects that can influence the
mechanisms whereby aluminum hydroxide and related species are
precipitated, and the form of the precipitate can be substantially
influenced by such effects. The influence of small concentrations of
quercetin on reactions of aluminum was studied, and result~ will be
presented in the following sections of this report.

Solutions that precipitated aluminum hydroxide in previou- studies
by Hem and Roberson (1967), Roberson and Hem (1969), Sctoen and
Roberson (1970), and Smith and Hem (1972) were duplicated with the
addition of quercetin as an example of organic material in concentra-
tions that might occur in natural waters. The ratios of aluminum to
quercetin, 100:1 and 100:4, were such that aluminum-quercetin
complexes themselves could comprise only a very small fraction of the
reacting species. In spite of this, there was a definite modification of the
rate and possibly the mode of formation of aluminum hydrcxides.

Two series of solutions were prepared, one containing 5x 10 ~6 mole/l
quercetin (0.9 mg/l organic carbon), designated the Q21 and Q22
series, and one containing 2x10~5 mole/l quercetin (3.6 mg/l organic
carbon), designated the Q23 series. The solutions contained 4.71x 104
mole/l aluminum and were 0.01 in total ionic strength. They were
prepared by the method described in Hem and Roberson (1967), except
with the addition of the amount of quercetin mentioned to solution I
and twice that amount to solution III.
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BLOCKAGE OF CRYSTALLIZATION IN ACIDIC SOLUTIONS

The development of gibbsite in acidic solutions is obviously hindered
by the presence of quercetin. Table 6 gives results of the procedure for
determining the three forms of aluminum, described by Smith and
Hem (1972), applied to solutions aged 121, 126, and 127 days and also
to those aged 310, 311, and 312 days. Solutions containing quercetin
had substantially higher pH and greater concentraticns of the
unstable Al, polymer than did the comparable solutions where
quercetin was absent. Figure 16 shows graphically that monomeric
aluminum was produced in lower concentration in the presence of
quercetin. The process of conversion of Al, to crystallire gibbsite
released protons, and inhibition of the process by quercetin appears to
be the logical explanation of the observed differences. The “apparent
solubility” of Al species after 310 days is represented in fizure 17 as
circles designating the monomeric aluminum concentration. In earlier
studies where quercetin was absent, the solubilities after comparable
aging times were substantially lower.

In the work of Hem and Roberson (1967), the solid formed during
relatively short aging periods (1 to about 60 days) was described as

TaBLE 6.—Fffect of quercetin on stability of aluminum species

Aluminum-quercetin solutions Aluminum only
™ Al Al Al no Al Al Al

Age c Age a c

Sample (days) pH (OH):(Al) ——————— Sample days) PH (OmH:Al)————

(moles/l x10%) (roles/1 x10%)

Q21D ___ O 4.65 1.02 U [ Cp— 0 4.52 0.94 340 065 0.49
127 4.51 R 1.81 230 059 82 4.48 e 3.20 97 37
312 449 J— 1.92 190 .89 121 4.47 - 3.23 .79 .52
QE__. 0 472 128 ____ ____ ___|D_____ 0 466 136 284 1.06 64
127 4.56 R 155 2.38 .78 82 4.26 —— 2.34 34 186
312 453 ____ 1.74 193 103 121 423 .. 239 .06 2.09
259 4.12 R 2.30 02 222
Q1 ___ 0 476 147 _.__  ____ ____ el il el el
127 459 ____ 154 247 et e oo el L
312 457 ____ 149 194 128 ool emmcmie il e
Q23A___ 0 479 153  ___ [ Chctceeeeemi el ool
121 468  ____ 115 195 161 e e e e
310 465  ____ 113 155 203 Gl aol il il s
Q1G_.__ 0 4.78 1.79 [N I - 0 4.79 184 224 150 50
127 4.6 R 92 282 96 77 4.54 R 153 145 1.56
312 4.64 - 110 220 140 116 4.52 R 160 120 174
R [ R e, 254 4.32 J— 1.50 12 292
Q22A__. 0 48 18 .. ____  ____|F______ 0 488 213 146 178 130
126 4.68 ——— 75 244 151 82 4.30 R 1.20 26 3.08
311 463 . 90 158 223 121 428  ____ 1.21 10 323
e el Ll 259 420 ____ 1.02 .02 3.50
Q2B __. 0 506 242 ___. . ____JG______ 0 502 247 117 197 140
126 4.74 - .36 67 3.68 77 4.40 [ .68 .13 3.63
311 466  ____ .31 44 396 116 435  ____ .66 043 3.84
R S —- e 254 4.28 JR— 62 .007 391
Q23B__. 0 518 272 ____ ... ____[H_____. 0 523 276 78 136 340
121 490 ____ .23 34 414 82 45 N 29 05 4.20
310 4.81 ——— 22 11 4.38 121 4.49 . 284 011 424
R —- o e emee oo 259 4.45 R 235 ____ 430
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F1cURE 16.—Effect of small amounts of dissolved quercetin on the concentrations of
monomeric aluminum species in aged solutions.

microcrystalline gibbsite, and its solubility product (*K;q) in the
reaction
Al(OH)3(c)+3H" =AI3* +3H0

was determined to be 109-35. The better crystallized material obtained
by Smith and Hem (1972) after much longer aging had a “K value of
10822, Data in table 7 indicate that in the presence of small amounts of
quercetin the calculated solubility product for Al(OH)3 is near the
microcrystalline gibbsite value even after 312 days of aging.
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FIGURE 17.—Monomeric aluminum concentrations in solutions containing 10-3-30
mole/l of quercetin (circles) after 310 days aging compared with equilibrium values
for microcrystalline gibbsite and well-crystallized gibbsite or bayerite.

Smith and Hem (1972) attributed the decrease in pH observed
during aging to a process of polymerization whereby Al, was converted
to Al and protons were released. The presence of quercetin evidently
slows down this process. The pH of solutions containing quercetin only
decreased slightly during 1 year of aging. The concentrations of the
organic ligand were too small to have a direct influence; rather there
must have been a “threshold” effect, whereby the quercetin interfered
with nucleation and growth of aluminum hydroxide particles.

AVERAGE SIZE OF ALUMINUM HYDROXIDE POLYMERIC IOITS

The process of polymerization of aluminum hydroxide ionic species
to form gibbsite has been described by Hem and Roberson (1967) and
Smith and Hem (1972) as the formation of a network cf double
hydroxide bridges linking aluminum ions together in a geometric
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TABLE 7.— *Kso values of aged acidic solutions containing quercetin

Solution (é’ag;) r, value log *KSO

Q21D ________ 127 1.02 9.32
312 I 9.29

Q21E _.______ 127 1.28 9.39
312 —— 9.36

Q21F ________ 127 1.47 9.46
312 - 9.40

Q21G oo 127 1.79 9.39
312 P 9.45

Q22A ________ 126 1.89 9.38
311 o 9.33

(mean)9.38

Q22B ________ 126 2.42 9.21
311 I 8.95

Q23A ________ 121 1.53 9.57
310 - 9.48

Q23B - ______ 121 2.72 9.39
310 R 9.15

pattern of coalesced hexagonal rings. Bridging hydroxide is essentially
unreactive, and its change of status in the solution frees protons and
lowers the pH. Aluminum hydroxide polynuclear ionic spe-ies have
been postulated by some investigators, usually with no definite
structural consideration being given. It seems evident, however, that
the aluminum ions in such species would necessarily be linked by the
double hydroxide bridges. The determination of Al, is by a kinetic
procedure that depends on the slow rate of disruption of this bridged
structure. It is possible to make some inferences about the relative size
of Al}, units in the presence of traces of quercetin from data in table 6
and from structural considerations.

Amounts of Aly in some of the aluminum-quercetin solutions were
initially larger than in the similar solutions of Smith and Hem (1972),
given in table 6 for comparison, but this is not considered particularly
significant. The initial concentration of Aly, is in part a function of the
way the solutions are mixed.

The ratio of bound hydroxide to aluminum in the Al fraction was
calculated from stoichiometry of the solutions. This value ranged from
1.4 to 1.9 and did not get as high as 2.0 in any quercetin solutions even
after more than 300 days of aging. In the comparable solutions of
Smith and Hem (1972), the OH: Al ratio in the Aly fraction w~s greater
than 2.0 after only 1 day. If all the bound OH is in bridging positions,
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the minimum value of the ratio for a six-membered hexagonal ring is
2.0. At least some ofthe bound OH in the Al units is likely to be held in
nonbridging positions. In any event, the low values of the ratio indicate
that most of the Al} units do not become large enough to include even
one ring and thus do not attain the gibbsite structure during the 300
days of aging.

The net effect of quercetin would appear to be one of slowing the
polymerization process. Some Al does disappear, but at the rate
indicated for the solutions cited in table 6, many years would b2 needed
to complete the process. Only a few of the centers of polyme+ growth
formed when the solutions are mixed are large enough to sustain
growth toward a crystalline state. The smaller polynuclear ions may
attain a considerable degree of metastability in such a solution, but
such species still are not thermodynamically stable.

IDENTIFICATION OF CRYSTALLINE SPECIES

Principal evidence as to the crystalline nature of the gibbsite
obtained in studies by Hem and Roberson (1967) and Schoen and
Roberson {1970) included X-ray diffraction patterns and electron
micrographs. The material characteristically formed thin hexagonal
platelets 0.1um (micrometre) or less in diameter with a distinctive
appearance in electron micrographs, and aggregates of these particles
gave X-ray diffraction scans with sharp peaks characteristic of
gibbsite (fig. 18).

The X-ray diffraction procedure may fail to detect crystallirity if the
crystals are very small or form less than about 10 percent of th< total of
solid material. The electron micrographs permit examination of very
small fractions of the total precipitate and small amounts of crystalline
material in an amorphous matrix could thus be overlooked by either
procedure. The identification of crystalline material by either
procedure, however, is definite evidence of important amounts of such
material being present.

Of all the solutions containing quercetin, only one (Q22B) yielded
material that could be identified as gibbsite by X-ray diffraction. The
pattern for this material is shown in figure 19. Other solutiors having
similar concentrations of quercetin did not show this peak. Those
solutions where the initial OH:Al molar ratio was below 1.89 showed
no peaks at all. Those having higher ratios and some of the solutions
having higher quercetin contents contained material that gave a broad
and intense peak for a d-spacing between about 6 and 8 A (angstroms).
No positive assignment of structure of composition can be made from
this evidence; however, a broad ill-defined bulge in the pat‘ern was
observed in some earlier work where quercetin was absent, at about
this d-spacing. Material of this kind has been called boehmite or
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gibbsite

bayerite

|
|

nordstrandite

Degrees 2 ©(Cu Kx)

J | | | | | 1 ] .

225 249 279 318 3.70 443 553 7.37
“d"” VALUES IN A UNITS

FicURE 18.—X-ray diffraction patterns of gibbsite, bayerite, and nordst-andite
(Schoen and Roberson, 1970).

pseudo-boehmite by some workers, as boehmite has a major peak in
this general range.

Electron micrographs of solids recovered from solution Q22B show
small quantities of poorly formed gibbsite crystals. The other solutions
which had OH:Al ratios below 3 did not appear to contain any gibbsite
crystals, but several had aggregates of layered material without
well-defined crystal form, whichh might have produced the 6-8 A peaks
just noted.

The presence of minute amounts of quercetin in acidic solutions
evidently hinders the formation of gibbsite and seems to encourage the
formation of significant quantities of poorly crystallized AI(OH)3 with
a different structure. The material that is ultimately precipitated is
relatively stable and is not amorphous to X-rays, but it has large,
definite ranges of structural dimensions. Considering that the
quercetin solutions were studied over a period of 310-312 days without
producing well-formed gibbsite, they are a sharp contrast to those of
Hem and Roberson (1967), who found microcrystalline gibbsite
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Q21D, E, & F

Q22A

Q228

Q22C

1 — 1 1 1 | 1

|
2.56 2,98 3.66 4.44 5.20 8.84 17.66
“d" VALUES IN A UNITS

Ficure 19.—X-ray diffraction patterns for solid material recovered from solutions
Q21D-F and Q22A-C aged 311 and 312 days. (The lower line on each graph is the
pattern given by the empty glassslide. The darkened areas are where the psttern went
off scale and the peak was diminished in size by one-half.)
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particles in solutions with r,’s ((OH):(AD)) from 2.0 to 3.0 witlin 2-10
days of aging at 25°C, and to those of Smith and Hem (1972), who
achieved a solubility value of well-formed gibbsite for their solutions
within 254-259 days.

BLOCKAGE OF CRYSTALLIZATION IN BASIC SOLUTIONS

The formation of bayerite which normally occurs when aluminum is
precipitated in an alkaline solution is also retarded by the presence of
quercetin. An inspection of the "K4 values, represented by the
equation

AXOH)g(c)+Hy0=AlOH),~+H",

will illustrate this. Hem and Roberson (1967) found a solubility
product of 10712.71 in their day-old solutions of pH 7.5-9.5, but the
material was amorphous to X-rays. Within 10 days, the solubility
product reached that of bayerite, 10~13-95, The solid present at that
time had an X-ray pattern of bayerite. In the aluminum-quercetin
solutions, with the lesser amount of quercetin and with a pH greater
than the minimum solubility of gibbsite and bayerite (well above pH of
6.0), the “K ;4 values were higher than that of bayerite from age 3 to 311
days. With the solution of r, of 4.42, the K 4 eventually closely
approached that of bayerite; the period of most marked decrease in
K4 in this solution was between ages 40 and 126 days. In the series
with more quercetin, the *K 4 values were close to the amorphous
material value even though aged 121 days, and by age 509 days the
value for Q23G, the most basic solution in this series, was still only
midway between that of the amorphous material and that of bayerite.
(See table 8.)

DEVELOPMENT OF BAYERITE

Some stages in the development of bayerite crystals can be traced by
means of the electron micrographs of precipitates from Q22E, r, of
3.65. (See figs. 20-24.) Early in the aging period, a sheetlike mesh of
interlaced crystals is formed. On further aging this mesh assumes a
“jackstraw” pattern, and a few scattered bayerite crystals apnear (fig.
20). At this time a general view of this material indicates no
widespread crystallinity. Upon additional aging, better ordered
bayerite crystals appear (fig. 21). A general view of this material
indicates an occasional well-formed crystal shape but mcstly still
poorly defined fragments (fig. 22). The 126-day-old solid still had a
mixture of free and enmeshed crystals. The micrographs seem to
indicate that where the interlaced mesh is absent the bayerite
particles themselves once again have only the fine pebbly texture
brought out by coating with platinum (fig. 23), but some of the bayerite
crystals leave the impression that the mesh is-part of the crystal itself.
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TaBLE 8. —Composition during aging of solutions having r, values greater than 2.75

Soluti ™o Age : T Age
. AT
ution 1ALy (days) pH  p(Al)"  log*Ks, | Solution (py).(Al) (days) pH pAD!  log*Ks,
Q22C ____ 2.76 0 562  ____ o Q23C ____ 285 0 531 ___. R
4 5.50 3.40 R 3 5.19 4.36 R
19 5.29 4.50 I 21 5.07 4.42 P
40 5.16 4.63 R 41 5.01 4.47 -
126 5.03 4.97 - 121 4.96 4.68 P
311 4.89 4.98 P 310 4.86 4.70 R
Q22D ____ 2.99 0 7.75 - Q23D ____2.93 0 5.79 I N
4 7.62 5.43 -13.10 3 5.71 5.09
19 7.09 5.53 —-12.67 21 5.44 5.09
40 6.87 41 5.34 5.59
126 6.70 6.43 -13.18 121 5.20 5.65 PR
311 7.03 6.43 —13.51 310 5.12 6.43 R
514 6.87 6.23 -13.15 509 5.07 6.23 I
Q23E ____ 3.02 0 6.11 R R
21 6.51 R I
41 6.62 —
121 6.75 613 -12.93
Q23F ____ 3.27 0 8.00 R
3 7.94 451 —12.56
21 7.63 525 -12.93
41 7.32 N
121 7.29 559 —-12.93
Q22E .. __ 3.65 0 8.63 I - Q23G ____ 3.46 0 8.85 e I
4 9.39 3.67 -13.11 3 8.69 374 ~-12.48
19 9.43 3.77 -13.25 21 8.57 368 -12.30
40 9.31 3.81 -13.17 41 8.82 3 60 —-12.47
126 9.31 4.20 -18.56 121 9.02 381 -12.88
311 7.93 5.43 -13.41 310 8.97 406 —13.08
509 8.45 4.74 -13.24
Q22F ____ 4.42 0 1005 ___  ___
4 9.92 3.37 -13.34
19 9.76 3.43 -13.24
40 9.68 3.39 -13.12
126 9.90 3.78 -13.73
311 9.63 4.13 —13.81

!Aluminum determined by the regular ferron method.

Figure 24 shows that even at age 311 days there still were bayerite
crystals forming. This micrograph also is a pronounced demonstration
of the pyramid shape that the bayerite crystal assumes. T2 whole
series of micrographs gives real visual evidence of the existence of an
intermediate material for an extended period of time during the
organizational development of aluminum trihydroxides.

A third aluminum trihydroxide, nordstrandite, has been synthe-
sized previously also. It has the same free energy as bayerite (Hem
and others, 1973). Schoen and Roberson (1970) suggested that
nordstrandite forms in solutions of pH 5.8 and more and that the
sequence of crystallization in mildly alkaline solutions is from early
formed bayerite to nordstrandite. In an attempt to determine the
importance of pH in the formation of bayerite and nordstrandite, they
found that in solutions near neutral pH these two minerals
precipitated simultaneously. Some of both may be present in figure 25.
The X-ray pattern for material from this solution (fig. 26) has a peak
near the “d” spacing of boehmite, but because of uncertainties in the
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Weathering solutions in which a low concentration of silica is
maintained, as might occur in a terrane receiving large amounts of
rainfall, could alter clays, previously formed at the surface of
weathered primary rock minerals or transported to the arez in some
way, to aluminum hydroxide. The literature contains many papers
suggesting this type of origin for bauxite deposits. The pH in such a
system is likely to be in a range favoring gibbsite precipitation, as
dilute runoff waters in humid regions commonly have pH’s somewhat
below neutrality. The critical level for silica concentration probably is
not as low as some authors imply from consideration of the stability of
kaolinite. In our experiments the less well crystallized precursor,
synthetic halloysite, superseded the crystallization of gibb-ite only
when aqueous silica concentrations exceeded about 9 mg/l as SiO,. It
would seem, therefore, that bauxite might be produced from clays even
where the dissolved silica in the associated solutions sometimes
reached this level.

The effect of organic complexing in most weathering environments
probably would be to increase aluminum solubility and possibly to
decrease the availability of reactive species. Such effects would tend to
promote removal of aluminum in the effluent solutions and prevent
accumulation of aluminum enriched solids. Also, the organic material
might interfere in the precipitation of aluminum hydroxide.

For the above reasons, one probably should not expect to find
gibbsite accumulations in environments that were rich in accumu-
lated organic debris, such as lake bottom deposits, swamps, or peat
bogs. In humid tropical environments much organic matter may be
produced, but it tends to be decomposed rapidly, rather than
accumulating in the soil.

ANOMALOUS ALUMINUM CONCENTRATIONS IN NATURAL
WATER

In the absence of complexing effects, the solubility of aluminum in a
dilute river or ground water would normally be in the vicinity of 10~6
molar (fig. 17) near pH 7. This is equivalent to about 27 ug/l and is near
the limit of detection for the usual methods of determination used in
water analysis laboratories. Lower concentrations could be expected
for runoff waters that have not reached equilibrium with available
solid sources of aluminum, such as the poorly organized clay minerals
that commonly occur in soils and streambed sediments. Higher
concentrations from 100 to 1,000 pg/l occasionally appear in reports of
water analyses published in the literature. Most of these represent
water with low pH, but some are near neutral and have a yellow or
brown color. It is of interest to examine a few of the analyses to see if
they can be readily explained
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Before doing this it should be noted that routinely collected and
analyzed water samples may not furnish reliable data on minor
constituents or on solution parameters that may be unstable. Reported
aluminum values may include particulate material that was not
separated from solution, and the pH reported may represent a
laboratory determination that may not indicate the pH ir the water at
the time of sampling.

Ground water that has a low pH can be expected to have a much
higher concentration of aluminum than the 10~% moler mentioned
above. Certain types of thermal springs, analyses for which are cited
by White, Hem, and Waring (1963, p. 44-47), show these properties.
Generally the aluminum contents of these waters are below saturation
with respect to aluminum hydroxide or silicate minerals. "here may be
other aluminum minerals, however, that are less soluble than these; in
the low pH, high sulfate environment, for example, alunite may be the
least soluble species (Roberson and Hem, 1969). Water with a low pH
may also occur in mine workings as a result of the large scale
imposition of an oxidizing regime on fresh sulfide mineral surfaces. In
such environments an equilibrium with kaolinite may k< reached, if
this mineral is readily available. Hem, Roberson, Lind, and Polzer
(1973, p. 38-39) were able to demonstrate a near approach to
equilibrium with kaolinite in water from flooded coal mines in eastern
Pennsylvania.

Water from acid springs, drainage from mines, and various kinds of
industrial waste effluent may impart local conditions of low pH and
high aluminum concentration to surface streams. Upon mixing with
the main flow of water, supersaturation with respect to synthetic
halloysite or a similar clay mineral is very probable. However,
persistence of equilibrium conditions after precipitatior of the solid
had taken place would be unlikely because of the influence of dilution
and the many other effects that might occur in such an open system.

A system in which greater-than-expected equilibriur concentra-
tions of aluminum might appear to be present would be one having
organic materiai capable of complexing aluminum in solution and a
supply of aluminum to be complexed. Perhaps more commonly an
aluminum complex is already present in living herbaceous material
and becomes available for solution after death or destruction of the
plant. One could, therefore, postulate the most likely plac=s and times
for finding high aluminum content in runoff. For example, favorable
conditions might include low soil pH, abundant vegetatior, and a large
supply of runoff occurring at a time when fresh organic debris was
abundant, as during a rainy period shortly after the annual autumnal
leaf fall in a deciduous forest.

Some indication of the amount of organic material ir solution in
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natural water can be gained from the color number determined as a
part of the routine chemical analysis. The number is only an index of
the color intensity and is far from being a quantitative measur>ment of
organic material, but a highly colored water generally may be
considered to represent one that has a relatively large content of
organic material. Runoff from swamps and water in lakes and streams
of forested regions, especially where topography is relatively flat and
streams flow sluggishly, and in regions at high latitudes wher~ tundra
constitutes the vegetation may be highly colored.

EFFECT OF FILTRATION

The concentration of aluminum reported may represent not only
that part which is in true solution but also colloidal and particulate
matter. Many published analyses represent water samples that were
not filtered before analysis, although it has been usual practice in
Geological Survey laboratories and in other laboratories which are
geochemically oriented to perform analyses only on water free from
visible turbidity. Clarification commonly was by settling during
storage of samples prior to analysis. Some colloidal particles might
remain in an apparently clear supernatant, however. The filter pore
size necessary for a filtrate to represent a true solution is still under
question (V. C. Kennedy and B. F. Jones, written commun., 1971). One
can conclude from existing data that a 0.1 -um filter can remove from 0
to 100 percent of the aluminum in a water sample that has passed a
0.45-pum filter.

A classification of material according to particle size will give an
idea of the type of material removed by filtration and the composition
of the filtrate. Lammers (1968), in his study of fractionation of
suspended and colloidal substances in natural water, classified
particles smaller than 0.01um as dissolved, those from 0.01um to
200um as insoluble suspended and colloidal particles, and tho-e larger
than 200pum as materials that would normally tend to settle out
rapidly unless they were free swimming or buoyant organic particles
or unless the water was very turbulent.

The removal of aluminum from solution by a 0.1- and 0.45-um filter
was somewhat inadvertently tested on the quercetin solutions. After
about 2 months of aging of these solutions, the total aluminum was
measured in filtrates that had passed a 0.45-um filter. (The 0.45-um
filter is the pore size most widely used for filtration prior tc a water
analysis.) All the other aliquots representing other aging times were
filtered through 0.10-um filters. Only one of the aliquots seemed to
contain a significant amount of particulate material betweer the 0.10
and 0.45-um diameters.

Kennedy and Jones (written commun., 1971) found that a part of the
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fine particulates (<0.1-1.5-um grain size) in the stream samples they
analyzed was composed of organic matter containing trace metals.
Thus, the finest particles in a river water could be in part organic, and
some of the aluminum reported in excess of that attributable to
inorganic ions and their complexes could be bound to these organic
particles besides being in the form of dissolved organic complexes.

EXAMINATION OF ANALYTICAL DATA

It is recognized that natural waters are not necessarily in a state of
chemical equilibrium. However, it would seem logical that metastable
solids of the types first observed in aging of laboratory solutions should
be the first to appear in natural waters. These species probably would
persist until conditions are favorable for a higher state of crystalliza-
tion. As in other parts of this report, the mineral species considered are
microcrystalline gibbsite, microcrystalline trihydroxide (the prebay-
erite form), and metastable halloysite.

Tables 12 and 13 contain data taken from published sources and
compare calculated aluminum solubility, assuming no organic
complexing, with actually observed concentrations fcr 31 water
samples. The calculated solubilities assume either an equilibrium
with respect to microcrystalline gibbsite or microcrystalline trihy-
droxide where silica content was less than 9.0 mg/l or with respect to
synthetic halloysite where silica concentration was higher. Inorganic
complexes are taken into account, but organic ones are not.
Thermodynamic data are taken from table 3, and the activity
coefficients are taken from the results of a computer output of the
program described by Kharaka and Barnes (1973).

The departure from the calculated equilibrium concentration of
aluminum is substantial in most of the more highly color~d waters in
tables 12 and 13. Probably, however, most of the aluminum is
associated with particulate matter in these waters and probably could
have been removed, for the most part, by filtration. This statement is
based partly on the observed tendency for quercetin-aluminum
complexes to precipitate at higher concentration and pH and also on
our extrapolation of the behavior of quercetin to that of naturally
occurring aqueous organic compounds of high molecular weight. Some
additional support is available in numerous studies of principles and
techniques for removal of organic color in the conditioning and
treatment of water supplies. This removal is commonly accomplished
by addition of aluminum, pH adjustment to an alkaline condition, and
filtration. Most investigators have considered this as a colloidal system
(Stumm and O’Melia, 1968).
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CONCLUSIONS

Natural waters commonly contain organic material, lthough
amounts and species to be expected cannot be accurately predicted
from existing published information. Aluminum may forr stable
soluble complexes with low molecular weight organic ligands and may
be associated with relatively insoluble or colloidal particulate forms of
high molecular weight organic compounds. Association of aluminum
with high molecular weight organic material present as colloidal
particles in river water can increase the apparent dissolved aluminum
content if such particles are not removed from the water before
analysis.

Concentrations of soluble organic ligands in the vicinity of 1074
molar probably are near the upper limit to be expected in most stream
water. The complexing power of such concentrations of organic
material for aluminum is comparable to that of strongly cor~vlexing
inorganic ligands, such as fluoride. Under favorable conditions organic
complexes might be capable of increasing aluminum solubility by a
factor of 100 in part of the pH range of natural water.

The structure of quercetin is similar to some of the raturally
occurring organic coloring material in natural waters. Laboratory
experiments with this material show that it forms complexes with
aluminum. Besides the simple enhancement of solubility and possible
formation of aluminum-enriched colloidal particles, there are sig-
nificant effects on the previously elucidated processes of polymeriza-
tion of aluminum hydroxide macroions and the formation of
crystalline aluminum hydroxide and aluminosilicates. Such effects
can be observed even when the concentration of organic material is so
small that it can complex only a minor fraction of the dissolved
aluminum. The results of the quercetin experiments may be
summarized as follows:

1. Quercetin forms a complex with a 1:2 aluminum to quercetin mole
ratio. The stability constant B, for the reaction

2Q ™ +AI3+=AlQy"
isnear 1012, A complex with the composition Al3Qo"* also seemed
to be formed but disappeared from solution on aging.

2. Polymerization of dissolved aluminum hydroxide species to form
gibbsite, observed in previous studies below pH 6.5, was strongly
inhibited by the presence of small amounts of quercetin. In
solutions near neutrality and mildly basic, the precipitate formed
in the presence of quercetin gave a large X-ray diffraction peak
that might indicate the presence of boehmite. The more alkaline
solutions ultimately yielded crystalline bayerite. The process of
formation of the latter material, however, also is inhibited by the
presence of quercetin.
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3. Small amounts of quercetin in solutions duplicating those used
earlier for synthesis of relatively amorphous clay minerals with
1:1 aluminum to silica ratios ("synthetic halloysite”) improved
the yield of well-organized small crystals of kaolinite. The bulk of
the material remained amorphous to X-rays, however, during
aging periods of 6 months or more at 25°C. Probably in these
solutions the quercetin inhibited aluminum hydroxide crystalli-
zation and by so doing made it possible for the formation of
Al-O-Si bonding to keep pace with the other aspect of the
crystallization process.

The aluminum concentrations in a selected group of water analyses
that reported organic color were in excess of calculated equilibrium
saturation, considering only inorganic species. These waters probably
contained aluminum associated with organic matter.
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