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Abstract:
Humic acid, a high molecular weight polydisperse organic material, was extracted from a Montana
subbituminous coal in the presence and absence of oxygen under neutral and alkaline conditions.
Yields were between 0.02 and 32%. Elemental analyses, total acidity, carboxyl acidity, and UV-Vis
spectra were similar to those of other HA's. Low ash HA's were prepared by an ion exchange
procedure. Cd2+ - binding of coal HA was studied by use of ion-selective electrodes at pH 5.50, 6.00,
7.00, and 7.50. Results were interpreted by means of analogs of Hughes-Klotz and Scatchard plots. The
optimized effective complexometric molecular weight for coal HA was 6758. Log β1*'s were 4.8(pH
5.5), 5.4(pH 6.0), 5.9(pH 7.0), and 6.3(pH 7.5). Higher stoichiometries were observed and conditional
stability constants evaluated. Log β2* - log&betal4* at pH 6.0 were 9.9, 13.9, and 17.7. Log β2* - log
β5* at pH 7.0 were 11.1, 15.9, 20.5, and 25.0. Log β2* - log β5* at pH 7.5 were 11.6, 16.2; 21.2, and
25.4. Experimental and calculated free Cd2+ concentrations showed excellent agreement. Acid-base
titrations indicated two acidic functionalities for coal HA with pKa's -2.8 and -5.5. Approximate
linearity between log β1* and pH was observed. Light scattering experiments indicated the order of
precipitating abilities for divalent metal ions was Pb>Cu>Cd>Zn>Ni>Ba>Ca>Sr>Mg. Centrifugation
experiments supported light scattering results. Cd-HA precipitate was found to contain ~8 moles
Cd/mole HA. Coal HA alone was observed to precipitate at pH 6.0 with maximum precipitation below
pH 4.4. Mixed metal precipitation by alkaline earth metal ions did not completely displace complexed
Cd2+. 
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ABSTRACT

Humic acid, a high molecular weight polydisperse organic material, 
was extracted from a Montana subbiturninous coal in the presence and 
absence of oxygen under neutral and alkaline conditions. Yields were 
between 0.02 and 32%. Elemental analyses, total acidity, carboxyl 
acidity, and UV-Vis spectra were similar to those, of other HA's. Low 
ash HA's were prepared by an ion exchange procedure. Cd^+- binding of 
coal HA was studied by use of ion-selective electrodes at pH 5.50,
6.00, 7.00, and 7.50. Results were interpreted by means of analogs of 
Hughes-Klotz and Scatchard plots. The optimized effective A 
complexometric molecular weight for coal HA was 6758. Log ĝ 's were 
4.8(pH 5.5), 5.4(pH 6.0), 5.9(pH 7.0), and 6.3(pH 7.5). Higher 
stoichiometries were observed and conditional stability constants  ̂
evaluated. Log Og-Iog 64 at pH 6.0 were 9.9, 13.9, and 17.7. Log 62“ 
log 35 at pH 7i0 were 11*1, 15.9, 20.5, and 25.0. Log 32-l°9.35 at pH 
7.5 were 11.6, 16.2; 21.2, and 25.4. Experimental and calculated free 
Cd^+ concentrations showed excellent agreement. Acid-base titrations 
indicated two acidic functionalities for cpal HA with pKa's -2.8 and 
-5.5. Approximate linearity between log 3% and pH was observed. Light 
scattering experiments indicated the order of precipitating abilities 
for divalent metal ions was Pb>Cu>Cd>Zn>Ni>Ba>Ca>Sr>Mg. Centrifugation 
experiments supported light scattering results. Cd-HA precipitate was 
found to contain -8 moles Cd/mole HA. Coal HA alone was observed to 
precipitate at pH 6.0 with maximum precipitation below pH 4.4. Mixed 
metal precipitation by alkaline earth metal ions did not completely 
displace complexed CcP+.



IfraRODUCTION

Coal humic acids (HA's) are complex mixtures of high molecular 
weight organic material derived from the oxidation of coal (1,2). Coal 
itself is believed to be formed from soil humic substances, which are 

the principal organic component of soils (3,4,5). Coal humic 
substances have been found to be similar in composition and properties 
to soil humic substances and much of the work concerning humic 
substances has been done with soil humic materials. A thorough review 

of modern investigations of humic substances has been presented by 
Schnitzer and Khan (5). Kononova has provided an excellent historical 

review of the chemistry of humic substances (6).
Although the properties of humic substances can be enumerated and 

a general structure proposed, the term "humic substances" and 

classifications derived from it are in fact operationally defined (5). 

For soils, a small fraction of the organic matter is present as 
extractable and identifiable compounds, while the bulk of the soil 
organic material consists of a dark-colored, amorphous, hydrophilic, 

acidic, high molecular weight polydisperse material (5). It is this 
fraction that is termed the "humic substance" portion of soil organic 

matter. The non-humic fraction of soil organic material, the 

identifiable compounds, is a mixture of carbohydrates, waxes, resins
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and other low molecular weight species which have a comparatively short 
life time in soils (5). The contribution of the non-huniic fraction to 
the physical and chemical properties of soil organic matter and the 
organic material of natural waters is thought to be minimal (5).

The humic substance portion of soil organic matter can be 
fractionated by several procedures, one of which is shown schematically 
in Figure I (5). The same fractionation procedure may be used for high 
molecular weight organic materials extracted from coal. While there is 
some variation in usage, the blocked area of Figure I indicates a 
simplified fractionation scheme which has gained nearly universal 
acceptance (5).

As shown in Figure I, soil organic matter may be extracted from 

soil with mineral base and the solution then precipitated with mineral 
acid, often OdN NaOH and OdN HCl, respectively. The material 
precipitated by acid, is termed humic acid (HA) while the material 

remaining in solution is fulvic acid (FA). Humic acids are usually 

present in much greater yields than the corresponding fulvic acids (5). 
Humic substances insoluble in base are termed hum in. Recent evidence 

suggests that the humin fraction is similar to the humic acid and 
fulvic acid fractions, and that the insolubility is due to strong 

binding to inorganic contituents (5).
Humic acid can be further fractionated, also as indicated in



ORGANIC MATERIAL 

alkali extraction

Insoluble (Humin) |
I
I

extract.with alcohol

r
precipitation (Humic Aci d )

Soluble
treat with acid

I

no precipitation (Fulvie Acid)

redissolve in base 
add electrolyte

Soluble
(Hymatomelonic acid)

Precipitate No precipitation(Gray HA) (Brown HA)

Figure I. Extraction and classification of humic substances (5).
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Figure I. The fractionation of humic acid into hymatomelonic acid and 
grey and brown humic acids is sometimes done in an effort to obtain 
fractions with a narrower range of properties than those of humic acids 
(5), although some workers suggest that the distinctions among gray and 
brown humic acids and hymatomelonic acid is an artifact of the 
separation scheme and does not lead to greater homogeneity of fractions 
(5,7).

Efforts to obtain homogeneous samples of humic substances date to 
the earliest work in the chemistry of humic materials, which is 

contemporaneous with the development of modern chemistry, Le., the 
experiments of Lavoisier (6,8). Early investigations of humic 
substances were motivated by the correlation often found between soil 

fertility and the presence of humus (6).
In 1761 Wallerius observed that humus appeared to result from the 

decomposition of plants and that the properties of humus included the 
ability to absorb water and plant nutrients (6). Achard was apparently 
the first, in 1786, to extract humic substances from peat by alkali 

extraction followed by acid precipitation (6). In the early ISOO's 
Berzelius found that in addition to the black humic acids of Achard, 

there existed apparently related humic-like substances in some natural 
waters and soils, which were light yellow in color. These he named 

crenic and apocrenic acids, respectively (6). In the mid-nineteenth
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century Berzelius" student, Mulder, proposed a scheme of classification 
of humic substances based on color and solubility; humic materials 
insoluble in alkali were referred to as ulmin or humin, humic materials 
soluble in alkali were humic acids (black) or ulmic acids (brown), and 
humic materials soluble in water were crenic and apocrenic acids (6).

These workers, and many others during the same period, pursued the 
investigation of humic substances under the assumption that each humic 
material extracted was a discrete chemical compound (6). The 
proliferation of names and formulas led some to question whether humic. 

substances had any definable range of compositions or properties (6).
Subsequent investigations have led to the current view that 

classification schemes based on solubility are arbitrary but convenient 

starting points for further investigations into the nature of humic 

substances (5,6).
It can be stated that investigations of humic substances have not 

met with the same sort of classical successes of so many other areas of 

chemistry. Indeed, after more than two hundred years of study, no 

investigator has ever succeeded in isolating significant quantities of 

a pure compound from a sample of humic material (5).
Even though humic substances have not been, and possibly cannot 

be, isolated as specific compounds, humic substances have been shown to 

have a limited and characteristic range of chemical and physical
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Table I. Elementary composition (%) of representative humic 
substances (5).

(S)
Source C H N S O

Soil HA 56.4 5.5 4.1 1.1 32.9

Soil HA 53.8 5.8 3.2 0.4 36.8
Soil HA 56.7 5.2 2.3 0.4 35.4

Soil HA £6.4 5.8 1.6 0.6 35.6
Soil HA 60.4 3.7 1.9 0.4 33.6

Soil HA 60.2 4.3 3.6 - 31.9

Lake sediment HA 53.7 5.8 5.4 - 35.1

Coal HA 64.8 4.1 1.2 1.2 28.7

Soil FA 42.5 5.9 2.8 1.7 47.1

Soil FA 47.6 4.1 0.9 0.1 47.3

Soil FA 50.9 3.3 0.7 0.3 44.8

Water FA 46.2 5.9 2.6 - 45.3

Soil Humin 55.4 5.5 4.6 O 33.8

Soil Humin 56.3 6.0 5.1 0.8 31.8
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Table 2. Functional group analyses (meq/g) for representative humic
substances (5).

(meq/g)
Source______acidity acidity OH________ OH carboryl methnxyl
Soil HA 6.6 4.5 2.1 2.8 4.4 0.3
Soil HA 8.7 3.0 5.7 3.5 1.8 —
Soil HA 5.7 1.5 4.2 2.8 0.9 -

Soil HA 10.2 4.7 5.5 0.2 5.2 -

Soil HA 8.2 4.7 3.6 ■ — 3.1 0.3
Coal HA 7.3 4.4 2.9 - - 1.7
Soil FA 14.2 8.5 5.7 3.4 1=7 -

Soil FA 12.4 9.1 3.3 3.6 3.1 0.5
Soil FA 11.8 9.1 2.7 4.9 1.1 0.3
Soil Humin 5.9 3.8 2.1 - 4.8 0.4

Soil Humin 5.0 2.6 2.4 - 5.7 0.3
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Table 3. E^/Eg ratios for seme soil humic, substances (5,6).

Ssmse---- ---------- :__Xatioa-

Soil HA 5.0
Soil HA 3.5
Soil HA 3.2 I.

Soil HA 3.9
Soil HA 4.3
Soil HA 5.0

Soil FA'S 6.0 to 8.5

aratio of aborbtion of light to 465 nm arid 665 nm,
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From Table I it is seen that humic substances from diverse sources 
have similar composition, with the particular coal HA studied being 
somewhat less oxidized, and soil FA1 s and water FA1 s being somewhat 
more oxidized, than soil HA1 s. Soil hum ins are seen to be similar in 
composition to soil HA1 s,

The data of Table 2 indicate that the proton labile 
functionalities of humic substances consist of a mix of carboxylic and 

phenolic functional groups where the total acidity of soil and coal 

HA's is generally lower than the total acidity of soil FA's. Several 

workers have suggested that phthalic and salicylic functionalities are 

important in metal binding by humic substances (9-17).

The E^/Eg ratio of Table 3 is the ratio of absorption of light at 
465 nm and 665 nm of aqueous buffered solutions of humic materials (5). 

The E^/Eg ratio has been found to be independent of concentration and 
is thought to vary inversely with the degree of condensation of the 

humic materials, so that a lower E^/Eg ratio indicates a greater degree 
of condensation (5), The E^/Eg ratios of Table 3 therefore suggest 
that humic acids are more condensed than fulvic acids. Ultraviolet 
(UV) absorption spectra of humic materials are featureless with 

absorption increasing with decreasing wavelength, which has been taken

properties such as elemental and functional group analyses, and visible

absorption spectra, as shown in Tables 1-3.
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as an indication of the presence of multiple and aromatic bonds (5).
Infrared (IR) spectra of humic substances are more distinct than 

visible or UV spectra and several spectral assignments have been made 
by Schnitzerf as shown in Table 4 (5,18). Other workers have reached 
similar conclusions from the IR spectra of humic substances from 
several sources (19-24). The spectral assignments of Schnitzer and 
others are consistent with the presence of oxygen containing functional 

groups, also indicated by the elemental analyses of Table I and the 
functional group analyses of Table 2.

Using Fourier transform IR spectroscopy, MacCarthy, Marks and 
Griffith were able to follow the progression of Cu^+ humate complex 
formation in aqueous solution; they observed a decrease in intensity of 

the 1710 cm--*- band as complexation progressed, which they interpreted 
as evidence of participation of carboxyl groups in Cu^+ substances (19).

Characterization of humic substances by nuclear magnetic resonance 

(NMR) spectroscopy has been less fruitful than characetizations by IR 
spectroscopy and functional group analysis. Humic substances are 
generally not soluble in non-polar solvents and much of the NMR work 
has been done on methylated fractions (5). The proton NMR of these 
materials surprisingly shows no aromatic or olefinic resonances, but 
does show resonance at 9.10 t , 8.75 t , 6.30 t , and 6.10 t , which are 
attributed to methyl, methylene, methoxy and methyl ester protons

10
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Table 4.

OtT^ Assignment

3400 hydrogen-bonded OH

2900 Aliphatic C-H stretch
1725 O O  of COgHy C=O stretch of ketonic carbonyl
1630 aromatic C=C (?), hydrogen bonded C=O of carbonyl 

(?)s double bond conjugated with carbonyl COO”
1450 Aliphatic C-H

1400 COO”, aliphatic C-H
1200 C-O stretch or OH deformation of COgH

1050 Si-O of silicate impurity

IR spectral assignments for humic substances (5).
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respectively (5,25). It has been suggested that the lack of proton 
aromatic and olefinic resonances in the proton NMR of derivatized 

humic acids may be due to complete substitution of aromatic carbons or 
relaxing effects due to trapped free radical (5).

More recent 0-13 NMR studies of chemically unaltered humic 
substances have found resonances attributable to aromatic carbons, as 
well as carboxyl, carbonyl and aliphatic carbons (26-28).

Although humic substances are not pure substances and crystalline 
forms of naturally occurring humic materials have not been obtained, 

several X-ray diffraction studies of humic substances have been 

interpreted as indicating the presence of partially condensed aromatic 

cores (3,5,29,30). Schnitzer and Khan have suggested that similarities 

in diffraction patterns of soil humic substances and coals indicate 

similarities in structure (5). The diffraction data for coals has been 
ascribed to ordering of condensed aromatic layers with interlayer

Ospacing varying from 3.43 A to 3.70 A, depending on the rank of the 

coal (31). Cartz, Diamond, and Hirsch have argued that, in such a 

case, the variations in spacings may be due to aliphatic side chains or 
defects in the condensed aromatic rings (30). Kodama and Schnitzer 

concluded that fulvic acids in particular are a "broken network of 

poorly condensed aromatic rings with appreciable numbers of disordered 
aliphatic or alicyciic chains around the edges of the aromatic layers"

v 'i
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In a study of x-ray scattering by humic substance solutions,
Wershaw, et al., concluded that colloidal particles in solution were 
either all of the same size with a dense core and less dense outer 
shell, or that the particles were of two or more sizes (33).

Determinations of molecular weights of humic substances give a 
wide range of values which appear to be dependent on the method used 

(5). To some extent, for complex mixtures the dependence of values of 
average molecular weights on the method of determination can be 

theoretically justified. For a system which is a mixture of compounds, 

widely used methods of molecular weight determination give one of three 

measures of molecular weight. The number average molecular weight, Mn,
. which is the simple average of the molecular weights of the species in 

the mixture, is mathematically represented by Equation I .

(29). Schnitzer has proposed the structure of Figure 2 as one which

accounts for the known properties of fulvic acids (5). Green and

Manahan have suggested the structure of Figure 3 as a hypothetical

molecule of humic acid (32).

niMl + n2M2 + *' + n .M. ] I
nI + n2 + "3 + ' + n , k l L

"" j .
. Z n .
i=l 1

where Mj is the molecular weight of species j and nj is the number of
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OM

Figure 2. Proposed representative structure for fulvic acids (5).

Figure 3. Hypothetical molecule of humic acid (32)
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moles of species j present in the mixture (34). This measure of 
molecular weight is given by vapor pressure osmometry, cryoscopy, 

diffusion methods, and isothermal distillation (34). The weight 

average molecular weight, Hw is a species-molecular-weight-biased 
average of molecular weights as indicated by Equation 2. This 
molecular weight average is

2 2 2 n M + n M + .... n .M1 X I____6 2. ______ ] ]
niMl + n2M2 + n.M. ] ]

: m2 
i h  niMi

ill niMi

given by viscosity and gel filtration techniques (34). v-average 
molecular weights, Hv, are given by sedimentation experiments (34).

Table 5, compiled by Visser and Mendel, lists molecular 
weights of representative humic acids as determined by several of these 
methods (35). As can be seen from the table, the range of indicated 
molecular weights varied from <1000 to as high as 100,000. Visser and 

Mendel used x-ray diffraction techniques to investigate a crystalline 
humic acid-like material formed by Aspergillus flavus cultured on a 

medium containing 0.1% phthalate. They found that the unit cell of 

this material, when vacuum dried, indicated a minimum molecular weight 
of 1392, while solvated material had an estimated particle weight of 

26,700 or an integral multiple thereof. They concluded that the 

difference in the dry and solvated molecular weights was a possible
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Table 5«, Molecular weight values reported for humic acids 
Molecular Weight Method of Estimation

(35).

Reference

-1000 Isothermic distillation 36
984-1294 End-group analysis 37
1336 Equivalent weight 38
1350 Equivalent weight 39
1235-1445 Equivalent weight 40
1684 Freezing point 41
5000-7000 Dialysis 42
4500-26,000 Diffusion 43
14,000-20,000 Gel filtration 44

5,000-100,000 Gel filtration 45

-25,000 Sedimentation, viscosity 46
-36,000 Viscosity 47

47,000-53,000. Osmometry 48
-53,000 Sedimentation 49

1392 (dry) x-ray diffraction 35

26,700 (solvated) x-ray diffraction 35
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explanation of the diverse values of Table 5 (35).

In general, each of the molecular weight averages, In, Iw , and Hv, 
gives a different value for a mixture consisting of two or more 
substances of different molecular weights. For mixtures, each type of 
average molecular weight has particular problems associated with its 

determination. Hn which is given by freezing point depression and 
vapor pressure osmometry experiments, is extremely sensitive to 

contamination by low molecular weight impurities. For example, a 
mixture consisting of 99% (w/w) organic material of molecular weight 
5000 and 1% (w/w) water has a number average molecular weight, Hn, of 
1326, which would indicate that humic materials must be carefully dried 

before determination of Hn. Yet there is clear evidence that humic 
substances lose structural water above IOO0C and possibly at lower 
temperatures (50,51). Formation of low molecular weight particles by 
acid ionization also presents potentially severe problems.

Hw and Hv are much less sensitive to contamination by low 
molecular weight impurities, but their determination requires knowledge 

of molecular size and shape and chemical adsorptive parameters (34) 

which are generally not known for humic substances.
Although no investigator has reported the isolation of significant 

quantities of a pure compound from a chemically unmodified humic 
substance, a great deal of effort has been devoted to the
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determination of the products of degradation of humic substances 
extracted from soils (5,24,52-68), and coals (69-79).

Methods of digestion for soil humic substances have included 
copper oxide oxidation (52,58,61,80), solvent extraction followed by 
methylation (53,54), permanganate oxidation (56,57,60,66), peroxide 
oxidation (57), pyrolysis (24,62,68), hydrolysis (59,64,67), and 

others. Analysis of digestion products generally indicates the 
presence of aromatic moieties with extensive substitution of oxygen 
containing functional groups. For example, Ogner and Schnitzer 
exhaustively methylated a soil fulvic acid, dissolved the methylated 
material in benzene, and separated the product fcy repetitive column, 
thin-layer, and gas chromatography. They recovered a small total yield 

(0.3%) of twenty-one identifiable aromatic compounds substituted with 
oxygen containing functional groups, the most abundant being methoxy- 
benzenetetracarboxylic acid tetramethyl esters, methoxy- 
benzenepentacarboxylic acid pentamethyl esters, and methoxy- 
benzenetricarboxylic acid trimethyl esters (54).

Degradation studies appear to offer the most direct evidence that
humic substances consist, to some degree, of carboxylic and hydroxylic1 . ■

substituted aromatic moieties.
Similar degradation studies pf various ranks of coals likewise 

indicate the presence of partially condensed aromatic structures in
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coal. Oxidation by alkaline permanganate (69), carbonate (74), 

hypochlorite (76), and dichromate (78), as well as other reagents, all 
produced substantial yields of aromatic carboxylic acids which were 
taken to indicate the presence of aromatic units in the parent coal.

The geological relationship between humic substances of soils and 
coal is well accepted. Abundant evidence indicates that the probable 
sequence of coal formation is

(3) plant matter -*■ humic material ■* peat + brown coal or lignite 
subbituminous coal bituminous coal ■+ anthracite

in which increasing coalification rank is characterized by an 

increasing carbon content (from 60% C, or less, for lignite, to 98% C, 
or more, for anthracite) and decreasing oxygen content of the material 

(4,81). Humic substances may thus be considered to be precursors of 

coal.
The transition from plant matter to humic substances and peat is 

thought to proceed by fungal and bacterial action upon the lignin 
component of plant matter, while subsequent coalification is thought to 
be due to the effects of elevated temperatures of geological origin 
over extended periods of time (1,3,81). The scale of time involved is 

indicated by the observation that the two great eras of world coal 

formation were the Carboniferous and Permian periods, 190 to 300
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millions of years ago, and the Tertiary period, beginning about 60 
million years ago (3,81,82). In the United States, Eastern coals, 

which are primarily of bituminous and anthracitic rank, were formed 
during the Carboniferous and Permian periods, while lower rank Western 
coals, generally lignitic and subbituminous, were formed during the 
Tertiary period (81).

As in the case for humic substances, the exact chemical nature of 
coals is not clearly understood. In contrast to humic substances, the 
elemental composition, and therefore, the general structure, of coals 
varies widely, primarily with the degree of coalifiCation (1,3,4,81). 

Coals generally show a higher carbon content than humic substances? 
however, on the basis of a wide range of evidence, including 

degradation studies, bituminous coals are thought to consist of 

partially condensed substituted aromatic nuclei bridged by aliphatic 
side chains and bridging oxygens (81,83), a general structure lower in 

oxygen content, but qualitatively similar to that proposed for humic 
substances. A representative structure of coal, proposed by Wiser, is 
shown in Figure 4 (84,85).

Under laboratory conditions, and under certain natural conditions, 

the sequence of coalification can be partially reversed, as indicated 
by Equation 4 (2).

(4) Coal humic acids fulvic acids water acids -> (Dg'HgO
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Figure 4. A proposed average structure of coal (84,85)
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The sequence of Equation 4 can be induced by several different 
laboratory procedures, including dry oxidation in air, dry oxidation 
alternated with base leaching, oxygenation in basic solution, and 
oxidation by oxidizing agents such as nitric acid or potassium 

permanganate (2,20,70,79,86).
Coals of low rank, having low carbon contents and relatively high 

oxygen contents, may give high yields of humic acids directly, while 
coals of higher rank may require extensive oxidation to form base 
soluble organic materials, (79,86). In general, for coals of 
subbituminous rank and above, dry oxidation in the laboratory at 

ambient temperature and pressure does not result in significant 
formation of humic acids, indeed, Jensen, et al., reported that, for 
100 hr experiments, dry oxidation of a subbituminous coal below 180°C 

and Og concentration less than 50% resulted in neglible humic acid 
formation (2). In contrast. Wood, et al., reported the. direct alkaline 
extraction of humic acids from a naturally weathered Alberta 

subbituminous coal (86).
Further oxidation, as shown in Equation 4, results in the 

formation of fulvic acids, then water soluble coal acids, e.g., 
mellitic acid, and then finally, oxidation to carbon dioxide and water 

(2).
Dissolved organic materials similar to humic and fulvic acids of



23

soils and coals are ubiquitously present in natural waters (5,9,88-91)« 
Stumm and Morgan have indicated that the normal range of concentrations 
of these organic materials in nonmarine waters is 0,1 to 10 mg/L (90), 
while Perdue, et al., have indicated a concentration of 19,2 mg/L for 
the "world average river" (92), Typical marine concentrations are 
-1.0 mg/L (93).

Lerman and Childs have noted that these concentrations are higher 
than the usual concentrations of several trace metals and, assuming 
reasonable stability constants for metal-organic complexes, may affect
the speciation of trace metals in natural waters (94), Other workers

I . ■have concluded that dissolved humic substances are important, and often 

the most important, determinant of metal speciation in natural waters 

(15,91,95-100). Perdue, et aL;, have observed an excellent correlation 
between dissolved Al + Fe concentrations and dissolved organic matter 
concentrations in a southeastern USA river system (92), implying a 
possible correlation between total metal ion load and dissolved organic 

matter concentration.
Metal binding by humic substances has been suggested by several 

workers to be due to the formation of bidentate complexes by salicylate 
and phthalate functional groups (9,15,96). Gamble and Schnitzer 
concluded on the basis of group blocking, acid dissociation, metal 

abundance, and other data that the predominant mode of copper-humate
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formation in natural waters was due to the presence of salicylate 
functionalities (9), while Reuter and Perdue, examining essentially the 
same evidence, felt that the existence of salicylate functionalities 
was speculative (91) „

Several workers have reported that the speciation of trace metals 
affects the toxicity of the metals to aquatic biota (99-103).

Pagenkopf, Russo, and Thurston found that the toxicity of Cu to Rainbow 
trout was affected by the speciation of Cu, the uncomplexed Cu^+ being 
the most clearly toxic (99). Gachter, et al., concluded that the 
presence of naturally occurring organic ligands reduced the 

physiological availability of Cu in lake water (100).

Although there have been no reports of toxic effect directly due 
to humic substances, it has been shown that chlorination of waters 

containing humic substances results in the formation of chloroform, . 

which may have toxic effects (104,105).
In summary, humic substances are known to be polydisperse, high 

molecular weight organic materials distributed widely in soils, coals, 
and natural waters. Humic substances are known to have beneficial 

effects on the physical and chemical properties of soils and are 
important to soil fertility. Humic substances are believed to have a . 

primarily aromatic nuclear structure with extensive carboxylic and 
phenolic substitution and probably some alkane side chains. The metal
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binding ability of humic substances is well documented and is believed 
to arise from the presence of carboxylic and phenolic functional 
groups, possibly through the formation of bidentate complexes. The 
ability Of humic substances to bind metals may be an important factor 
influencing the solubility and toxicity of metals in natural waters.

The objective of the work described here was to develop a 
chemically reasonable mathematical model for the binding and 

precipitation of metal ions by coal humic acids. This work was 
undertaken as one aspect of a study of environmental consequences of 

stripmining of the predominantly lignitic and subbituminous coals of 

the Northern Great Plains of the United States.



EXPERIMENTAL

Reagents

Solutions were prepared using reagent grade materials. Water for 
solutions was distilled in glass from reverse osmosis feed water and 

rendered free of CDg by boiling immediately prior to use. 0.1 M Cd^+ 
stock solution was prepared from the nitrate and standardized against 
EDTA using conventional procedures (106). Other metal ion stock 
solutions were prepared gravimetrically from their nitrates. Carbonate 
free 0.1 M KOH and 1.0 M KOH were prepared from J. T. Baker 

standardized concentrate. Carbonate free 0.1 M NaOH and 1.0 M NaOH 
solutions were prepared by dilution of 50% (w/w) NaOH solution. 1.0 M 
HNO3 was prepared by dilution of the concentrated reagent. Base 
solutions were standardized against potassium hydrogen phthalate. Acid 
solutions were standardized against standard base. Buffer solutions 

were commercially prepared phosphate (pH 7.00) and biphthalate (pH 
4.00) solutions. Commercial humic acids were purchased from Aldrich 

Chemical Co. and K and K Chemical Co. A well characaterized 

commercial fulvic acid was purchased from Contech E.T.C. Ltd., Ottawa, 
Canada.
Apparatus

Measurements of electrical potential were done with a Radiometer 
PHM26 pH meter or a Corning Model 130 digital pH meter. The meters
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were checked for accuracy and linearity against a standard potential 
source. pH measurements were made using a Corning 476022 glass 
electrode. Cd^+ activity was monitored with an Orion 92-48 Cd ion- 
selective electrode. An Orion 90-02 double junction Ag/AgCl electrode 
with 0.10 M KNO3 or 1.0 M KNO3 in the outer reservoir was used as a 
reference electrode. Titrant was added to solutions using calibrated 
2.0 mL Gilmont S1200A micrometer burets. A homemade electrode switch 

was used to permit monitoring of glass and ion-selective electrode 
potentials with a single reference electrode and pH meter. Ttemperature 
controlled experiments were conducted at 25.0 + 0.1 °C using a 
circulating constant temperature bath and a 100 mL jacketed titration 

flask. Unless otherwise specified, all volume measurements were made 
with Class A volumetric glassware.

Where indicated, mixtures were centrifuged in a Beckman J-21B 
centrifuge, with JA14 rotor, using polypropylene centrifuge bottles.

Atomic absorption (AA) spectroscopy measurements were done on a 

Varian Model 1100 AA spectrometer.

Light scattering measurements were done on a homemade 90° light 
scattering photometer equipped with entrance and exit beam collimating 

lenses (107). The light source was an unfiltered Hg vapor lamp. The 

detector was an RCA IP21 photomultiplier equipped with 22 kft re
sistors arranged in a dynode voltage divider network and powered, by an
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adjustable 500-1100 volt filtered DC power supply. T5ie photomultiplier 
anode signal was amplified and filtered using a two stage operational 
amplifier assembled from prototyping hardware (108) in the 
configuration shown in Figure 5. The output from the second stage 
operational amplifier was recorded on a Sargent-Welch Model XKR chart 
recorderi

Total organic carbon (TOC) analyses were performed on an 
Oceanographic International total organic carbon analyzer (109).

Computer programs were run on a Xerox Sigma 7 computer under the 

CP-V operating system, CDC cyber 170 computer under the NOS operating 
system, and an HP 21MX minicomputer under the RSB-II operating system. 
Procedures

Extraction and characterization. The subbiturninous coal used for 

extraction of humic acids was obtained from the Western Energy Mine, 

Colstrip, Montana. Humic acids were extracted from the coal under a 
variety of conditions. For all extractions, the coal was ground to 
pass a 2 mm sieve. Solvents for extraction were distilled water, 0.25 

N NaOH (aq), 1.0 N NaOH (aq), and 1000 ppm NaHCOg (aq). For extractions 

which involved bubbling a gas (N2, O2 or air) through a coal-solvent 
mixture, the mixture was placed in a one liter or larger Pyrex beaker 

and sealed as well as possible with a Parafilm cover. Gases were . 

preconditioned by bubbling through a solvent solution not containing
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coal. Mixtures were stirred with a magnetic stirrer and stir bar or, 

for viscous mixtures, a direct drive stirring motor. Foaming was 
observed for all bubbled mixtures. Loss of solution due to foaming 
spillover was prevented by minimizing gas flow rates and periodically 
scraping foam from the sides of the reaction vessel. Mixtures not 
bubbled with a gas were sealed in an appropriate volume Pyrex container 
and stirred with a magnetic stirrer. Reaction periods varied from 24 

to 792 hrs.
Following the reaction period, the extracts were made low in ash 

relative to the parent coal by a combination of filtration and 
precipitation with HC1. The ash content of some humic acids was 
reduced further by an ion exchange procedure described below. Humic 
acid samples generally were dried at less than 40°C, under vacuum, and 

stored over PgOg.
The procedure for preparing low ash, metal-ion-free samples of 

HA#8, which was used for metal complexation studies, is described 
below. The procedure for removal of metal ions was based partly on 

that Of Malcolm (HO) and Hori and Okuda (111).
300 g coal was ground to pass a 2 mm sieve and then placed in a 4 

L beaker. 1.5 L of IN NaOH was added to the coal and a fritted glass 
Pyrex gas bubbler was placed in the mixture. The beaker was sealed, 

with strips of parafilm and O2 passed through a conditioning bath of I
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N NaOH was fed into the stirred mixture through the gas bubbler at 

about 50 mL/min. After 135,5 hrs the mixture was noticeably thickened 
and 400 mL water was added. After 190 hrs, 300 mL additional water was 
added for the same reason. NO significant evaporation of solvent 
occurred and the thickening was assumed to be due to formation of humic 
acids.

After 228 hrs, the reaction was stopped and the mixture 

transferred to polypropylene centrifuge bottles. The mixture was 
centrifuged at 9.5 k rpm for I hr and the supernatant solution 

decanted. The sludge remaining in the centrifuge bottles was rinsed 
three times with 0.1 N NaOH, centrifuging each time at 9.5 k rpm for I 

hr. The rinse supernatant mixtures arid the original supernatant 
mixture were then combined and centrifuged at 10.5 k rpm for 1.5 hrs. 
The total liquid volume at this point was about 2.8 L. The supernatant 
liquid at this step was filtered through a Whatman #1 filter followed 
by a Reeve Angel 934AH glass filter. Frequent clogging of the filters 
was noted and the filtrate was recentrifuged at 10.5 k rpm for 30 min 

prior to final filtration. A small additional quantity of precipitate 

was obtained from the centrifugation. The supernatant was then easily 

vacuum filterable through a 0.45 ym Millipore membrane filter. 6 N HCl 
was added to the filtrate to adjust the pH to 1.0 and the humic acid 
precipitate formed was allowed to settle. The resulting clear, almost
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colorless, supernatant liquid was siphoned off. The humic acid 
precipitate was rinsed once with 0.1 N HCl by mixing, settling and 
decanting, and twice with 0.1 N HCl fcy mixing, centrifuging and 
decanting.

534.6 g viscous hydrated humic acid was recovered. A l g  aliquot 
of this material was dried over PgOg and found to contain 89.02% water, 
for a total humic acid dry weight of 58.7 g or a 19.6% yield, based on 
the original weight of the coal.

In order to reduce cation contamination as much as possible, the 

humic acid was passed through a hydrogen form strong acid cation 

exchange resin (Dowex 50) by the following procedure.

Hydrogen form cation exchange resin was prepared by loading a 2.5 
cm (i.d.) x 65 cm column with 80 mesh Dowex 50 resin and passing 3 L 

10% (w/v) HCl solution through the column at 2.5 mL/min. Hie Na 
concentration in the effluent was monitored by flame AA and was found 

to be.not greater than that of the 10% (w/v) HCl Solution. Following 
the HCl elution, 4.0 L distilled water (spec. cond. 2J5 ymhos/cm) was 

passed through the column at about 10 mL/min. The eluant specific 
conductance reached a constant value of 4.8 y mhos/cm. No Na was 
detectable in the eluant by flame AA, '

About 20 g of the previously obtained HA#8 hydrated gel (89% 
water) was redissolved in 0.1 N NaOH and mixed with a quantity (~100
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mL) of H-form Dowex 50 resin calculated to be sufficient to neutralize 

the NaOH added. The mixture was decanted, the resin beads washed with 
distilled water, and the combined supernatant loaded on the previously 
prepared resin column, which was then eluted with distilled water at ~9 
mL/miru No HA appeared to be adsorbed on the resin column and no Na 
breakthrough was detectable by flame AA. About 200 mL of a colloidal 
HA suspension was obtained. The volume of the mixture was reduced by 

rotoevaporation at ambient temperature and the resultant HA sludge 
freeze dried. 2.00 g product was obtained. The material was labelled 
HA#8-1 and stored over PgOg.

Ash analyses were performed by heating samples in a covered 

platinum crucible at ~9000C and the reweighting.
Estimates of total acidity and carboxyl acidity were obtained by 

the barium hydroxide precipitation and calcium acetate precipitation 
procedures of Schnitzer and Gupta (112) and Avgushevich and Karavayev 

(113), respectively.
UV-visible spectra for humic substances were obtained on a Cary 14 

spectrophotometer from solutions containing 13-24 mg HA/100 mL where 

the solvent was 0.025 or 0.050 M aqueous NaHCOg.

Elemental analyses were performed by Huffman Laboratories of 

Wheatridge, Colorado.
Metal Complexation. All instrument calibrations and titrations
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were done on 25.0°C solutions under N2 in a water jacketed titration 
beaker. All dilute metal solutions and humic substance solutions were 
prepared to contain 0.100 M KNO3 unless otherwise noted. Prior to each 
calibration or titration, the reaction vessel was rinsed once with Is! 
nitric acid and three times with distilled water. She pH electrode was 
calibrated immediately prior to use by repetitive adjustment of pH 
meter slope and intercept so that the meter reading was 7.00 for a pH 
7*00 buffer and 4*00 for a pH 4.00 buffer. The pH electrode 
calibration was checked again with both buffers at the end of each 
experiment.

The cadmium ion selective electrode sensing surface was polished 
prior to each day's use with Orion 94-82-01 polishing strips. The 
calibration solutions were prepared by diluting stock 1.00 M M O 3 I to 
10, pipetting 50 mL of the resultant 0*100 M KNO3 solution into the 
titration flask, and adding 1*00 x 10“3 M Od(NO3)3 solution (0*100 M  in 
KNO3) with a calibrated 2*0 m  micrometer buret so that 
concentrations in the range 5*0 x 10“^ M to 1*0 x M  were obtained* 
The 1*00 x I O ^  M Od(NO3)3 solution was prepred serial 1/10 
dilution Of stock 0*100 M Od(E^) 2 solution and 1/10 dilution Of IM M  
m o 3 solution* pH was monitored but not controlled during calibration 
of the metal ion selective electrode and was in the range p  6*9 to 
7*4* Buring calibration tiie ion selective electrode was allowed to
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equilibrate until a steady reading (+ 0.1 mv drift per minute) was 
observed, usually requiring about 15 min at lower Cd^+ concentrations 
and 1-2 min at higher Cd^+ concentrations. When not in use the 

electrode was stored ip a solution containing 1.0 X 10“® M Cd (KOg) 2 and 
0.1 M KNO3.

For metal cbmplexation experiments, the humic substance solutions 
were prepared so that the humic substances were in the concentration 
range of 20-25 mg/L with ionic strength adjusted to 0.100 M in KNO3.
The concentration range chosen corresponded roughly to the higher range 
of concentrations usually observed in natural waters (92). Higher HA 
concentrations were avoided in order to minimize intermolecular 

associations. Concentrations lower than the experimental 

concentrations were not used because of limitations in the sensitivity 

of ion selective electrodes (114). An arbitrarily high ionic strength 
was chosen for the purpose of maintaining the solution at nearly 

constant ionic strength.
The humic materials solutions were prepared from the solid in 0.5 

L batches. About 10.5 mg humic material was weighed to the nearest 
0.01 mg and placed in a 500 ml volumetic flask and the humic materials 

were then dissolved and the solution brought to 0.100 M ionic strength 

in KNO3 using one of several procedures described below.
Because the humic acids did not readily dissolve in water or



neutral salt solutions, it was necessary in every case to initially 
dissolve the solid humic acids by adding a quantity of base.

For the titration labeled P137B3, 30 mL of 0.9856 N NaOH was added 
to the humic acid and the humic acid allowed to dissolve. 50 mL of
1.00 M KNOg was then addecl, and the solution was made up to 0.5 L with 

freshly boiled, distilled HgO. The solution was adjusted to pH 7.00 at 
the time of titration with 0.1016 N HC1. The resultant solution had a 
calculated ionic strength slightly less than 0.1, determined 
predominantly by the presence of KNOg, but to some extent by Na+ and 
Cl- ions. The pH of the solution was subsequently controlled by 

addition of quantities of 0J.011 N HCl (less than 0.1 mL for a complete 
titration). Because of the possibility of significant junction 

potentials arising from the difference in ionic mobilities of Na+ and 
Cl” ion, the ionic strength of all subsequent solutions was adjusted 
only with K+ ion and NOg ion, which were known to have nearly identical 
ionic mobilities (115,116). Because of the occasional need to store 

solutions, and because of reports of facile oxidation of humic 

materials stored in basic solution (5,117,118) subsequent solutions, 
were stored at slightly acidic pH. All humate solutions, when stored, 

were blanketed with Ng, sealed, and stored in the dark.
Bie solution for the titrations labelled P147B3, P153B3, P157B3 

and P161B3 was prepared by adding about 250 mL distilled water to the
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humic acid, adding 50 mL of 1.007 M KDH, waiting for dissolution of the 
humic acid, adding 50 mL 1.010 M HNO3, and finally making up to 0.5 L 
with freshly boiled distilled water. The resultant solution was 0.101 
M in KNOg, contained no Na+ ion or Cl" ion, and was slightly acidic.
The humic acid in solutions prepared in this manner was observed to 
gradually form a very fine precipitate which could be adequately 

redispersed by moderate agitation. Addition of base redissolved the 

humic acid Fulvic acids were dissoved directly in 0.100 M KNO3.
Humic acid suspensions for all titrations other than those 

described above were prepared by dissolution of the appropriate weight 
of humic acid in 10 mL to 30 mL of 0.1000 N KOH followed by addition of 

a stoichiometric volume of 0.1007 N HNOg and sufficient 1.00 M KNOg and 
distilled water to make 0.5 L of solution containing 0.100 M KNQg.

' Metal ion was added to solutions as 1.000 x 10"3 M or 1.000 x 10“^ 

M Cd^+ (0.100 M in KNOg), as required, with a calibrated 2 mL 
micrometer buret,

During titrations the pH reading was kept constant to within 0.005 
pH units of the desired value by addition of 0.1 M KQH and/or 0.1 M 

HNOg. After initial, adjustment, less than 0.1 mL total of either acid 
or base solution was required to maintain constant pH during the course 
Ofi a titration; Solutions were assumed to be at equilibrium when the 

potential of the ion selective electrode drifted not more than 0.1 mv
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in 2 min. The time required for equilibration was 15 min or more at 
lower total metal ion concentrations and 2 to 3 min at higher total 
metal ion concentrations.

Proton Interactions. Calibration procedures and experimental 
conditions were the same as those of metal complexation experiments 

except that the ionic strength was adjusted by making the solutions 
0.100 M in NaCl and HA concentrations were about 2 g/L, Higher HA 

concentrations were used for acid-base titrations because preliminary 
experiments indicated that the HA dissolution procedure, which required 

initial addition of strong base followed by an exactly stoichiometric 
quantity of strong acid, caused unpredictable errors in the titration.

Solutions of HA #8-1 were prepared for acid-base titrations by 
adding about 100 mg of the HA to a 50 mL volumetric flask. About 30 mL 

CO2 free distilled water was added and the HA was then dissolved by 
addition of 5.000 mL 1.000 M NaOH (carbonate free). After dissolution, 
5.019 mL 0.9965 M HCl was added to neutralize the -NaOH= No 

precipitation was evident and the solution was immediately made up to

50.00 mL by addition of COg free distilled water. 40.00 mL of the
solution was transferred to a jacketed titration beaker, and the

» ■ : . ■ ■solution titrated with 0.09856 M NaOH (carbonate free).
Precipitation Studies. Calibration procedures and experimental 

conditions were the same as those for metal complexation experiments.
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except as noted.

For light scattering experiments, 50.00 mL aliquots of HA #8-1 

solutions which contained ~20 mg HA/L in 0.100 M KNO3 were titrated 
with metal ion solutions (0.100 M in KNO3). At each metal ion solution 
increment the pH of the HA-metal mixture was adjusted to 7.00 and the 
relative intensity of 90° light scattering determined by transferring a 
25 mL aliquot to a light scattering cuvette. Scattered light 

intensities were measured relative to a calibration standard consisting 
of solid particles suspended in a glassy polymeric medium. After each 

intensity measurement the 25 mL cuvette mixture was returned to the 
titration mixture and an additional increment of metal ion added, 
repeating the cycle of operations until the scattered light intensity 
was found to reach a steady maximum value.

Light scattering intensities for acid-base titrations of HA #8-1 

were performed by adding increments of 0.100 M KOH or 0.100 M HNO3, 
depending on the direction of the titration, recording the resultant 
pH, and measuring the scattered light intensity as above.

For metal displacement experiments, an increment of Cd^+, Cu^+, or 
Zn^+ (0.100 M in KNO3) which did not induce metal-HA precipitation, as 
determined by light scattering experiments, was added to a 50.00 mL 

aliquot of HA #8-1 solution which contained ~20 mg/L HA in 0.100 M 
KNO3. A quantity of Mg^+, Ca^+, Sr^+, or Ba^+ solution (0.100 M in
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KNOg) sufficient to induce metal-HA precipitation, as established by 
light scattering experiments, was then added to the HA solution, At 
each step, the HA solution was adjusted to pH 7.00 by addition of 0.200 
M KOH or 0.100 M HNOg. 40.00 mL of the metal-HA mixture was then 
transferred to a polypropylene centrifuge tube and centrifuged at 15 k 
rpm for 15 min. The supernatant was decanted and analyzed for total 
organic carbon concentration and Cd2+, Cu2+, or Zn2+ as appropriate. 

The precipitate was analyzed for the same metal ions by the following 
procedure.

3.0 mL concentrated reagent HNOg was added to each centrifuge tube 

and the centrifuge tube and contents were heated at ~95°C for 15-20 
min. The digestion resulted in dissolution of the precipitate but not 

complete loss of HA color. An additional 2 mL of HNOg was added to the 
centrifuge tube, the contents of which were then transferred 
quantitatively to a 50.00 mL volumetric flask and diluted to the mark 

with distilled water. The metal ion solutions were then analyzed by 
air-acetylene flame AA using standard procedures (119).

Single ion precipitation experiments were conducted and analyzed 
in an analogous manner.



RESULTS AND DISCUSSION

Extraction and Characterization

The conditions and yields of several extractions of a Montana 
subbituminous coal are shown in Table 6. The primary purpose of the 
extractions was to obtain low ash samples of coal humic acids and, to 

some degree, the sequence of experiments represented a progressive 
refinement of extraction procedures. The per cent yield should be 
regarded as semi-quantitative, but nevertheless, some conclusions can 

be drawn from the data, which appear to indicate that base 
concentration, concentration of oxygen, and extraction time were 

significant factors affecting formation of coal humic acids. Similar 

results have been found by other workers (79,86).

The data suggest that under laboratory conditions, extraction 
with strong base is a necessary condition for extraction yields greater 
than 5%. To a lesser degree, % yield appeared to correspond roughly to 
extraction time, although the results for HA #2 and HA #8, which were 
extracted under similar conditions, showed decreased yield for a longer 

extraction time. Lower yields at longer times could be explained by 

the reaction sequence of Equation 4, but probably not to the degree 

observed in Table 6. More likely, there was positive error in the % 
yield results of HA #2 due to relatively low centrifugation speeds
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Table 6. Conditions and yields for extractions of a Montana 
subbituminous coal. .

Experiment . Mass . Yield T Extraction Other
coal3 HA (0C) Time Conditions15
(g) (S) (hr)

HA #1 52 <9.5 21 24 I N NaOH, 
bubbled with

HA #2 O250 31.2 21 190 I N NaOH, 
bubbled with

HA #3C 50 2.0 21 312
O2
Distilled
water,
bubbled with.
r\

HA #4 20 13.5 33 792
U2
0.25 N NaOH,
sealed under
No

HA #5 50 11.8 18 120 0?25 N NaOH,
bubbled with
r\

HA #6 50 5.6 18 120 °20.25 N NaOH,
bubbled with

HA #7d 50 0.02 24 450 300 mL 1000 
mg/L NaHCOo, 
bubbled with
air

HA #8 300 19.6 21 228 1.5 L I N 
NaOH,
bubbled with
O2

aCoal from Western Energy Mine, Colstrip,. MT. Ground to pass a 2 mm 
sieve.
bAll solutions 500 mL except as noted 
Spinal pH 6.3, no adjustment 
dFinal pH 7.3, no adjustment
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centrifugation speeds (7 k rpm) used for separation of the coal-coal HA 

mixture, while a relatively large negative error, due to losses at each 
extraction step, may have accumulated in the more complicated multistep 

extraction procedure used for HA #8, previously described. HA #2 and 
HA #8 were further purified before use in other experiments. The 
results for HA #5 and HA #6 indicated that, other factors being equal, 
bubbling with pure oxygen strongly enhanced formation of humic acids, 
although length of extraction time was a more important factor in one 
case (HA #4). % e  yield enhancement effects of bubbling with pure 

oxygen appeared also to be supported by the results for HA #3 and HA 

#7, which were extracted in neutral media, one bubbled with oxygen and 
the other bubbled with air. HA #3 and HA #7 represented attempts to 

extract useful quantities of humic acids under conditions approximating 
natural conditions. While the yields were small, they indicated that 
significant quantities of humic materials could be formed from coal 

under natural conditions. Other workers have noted natural weathering 

of subbituminous coals produces coal humic acids (86).
The % ash, total acidity and carboxyl acidity analyses, and E^/Eg 

ratio for coal humic acids and three commercially available humic 

materials are compiled in Table 7. The commercial HA1 s were rendered 
low in ash by use of the cation exchange procedure used for HA #8-1, 

previously described, Contech FA, a low ash fulvic acid purchased from
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Table 7. % ash,
humic acids.

total acidity, carboxyl acidity, and E^/Eg ratios

HAa Ashl3
(%)

Total 
acidity. 
(meq/g)

Carboxyl
acidity
(meq/g)

B4ZE6
ratio

HA #1 1.6 5.56 3.70 6.54
HA #2 0.4 6.36 3.46 4.28
HA #3 1.4 6.97 4.03 5.49
HA #4 - 6.96 4.02 4.45

HA #5 1.4 6.66 4.16 5.10

HA #6 0.8 6.52 4.12 4.76

HA #8 0.3 7.36 3.90 4.53

K+K HA 0.9 7.84 4.52 7.32

Aldrich
HA 0.7 7.85 4.67 6.72

Contech 
FA (9) 11.2 7.93

aHA #7 yields too low to evaluate parameters 
^Ash content of parent coal - 11.4%
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commercial sources, was used without further purification. The data of 
Table 7 indicate that extraction time, presence of base, and bubbling 
with oxygen had little effect on the total acidity or carboxylacidity 
of the coal humic acids. The acidity values shown in Table 7 were 
comparable to those tabulated for soil HA's and soil FA1 s (5).

The E^/Eg ratio of Table 7, the ratio of light absorbance at 465 
nm and 665 nm, is thought to be inversely correlated with the degree of 
condensation of humic materials and the residence time of humic 
materials in soils (5). The E^/Eg ratios of the materials of Table 7 
are within the range of values tabulated by Schnitzer and Khan for soil 
humic acids (5). The analyses for Cdntech FA shown in Table 7 are 
those reported in the literature (9).

Table 8 lists the elemental analyses for two of the coal humic 
acids, the parent coal from which they were extracted, and two of the 

commercially available humic materials. rQie elemental analyses were 
consistent with those tabulated elsewhere for similar materials (5).

The coal humic acid C:H mole ratio of 1.2:1 suggests an aromatic, 

condensed, or highly substituted structure for the coal humic acid, 
while the C:0 mole ratio of 3.2:1 indicates a relatively high degree of 
substitution of oxygen containing functional groups, consistent with 
the total acidity and carboxyl acidity analyses reported in Table 7.

The oxygen content of coal humic acids is seen to be higher than that
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Table 8. Elemental analyses of selected humic substances.
Humic
Material

C(%) H(%) 0(%) N(%) S(%)

HA #2-R3a 65.01 4.35 26.89 1.11 0.45
HA #8-la 62.68 4.75 27.81 1.81 0.08
K+K HAa 57.23 3.87 33.23 0.77 3.93

Coalb 65.75 4.83 21.86 - -

Contech FA (9) 50.90 3.35 44.75 0.75 0.25
aDeionized or dialysed material 

^Ash content 11.4%
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of the parent coal= Elemental analyses for Contech PA were those 
reported in the literature (9).
Metal Complexation

Idealized Equations for Metal Binding on a Large Particle= The 

reversible binding of a single metal ion to a substrate molecule can be 
represented by (charges omitted)
(5) M + A £ MA

with the formation constant

{m a } [MA] MA
fMfA{M}{A} ; [M] [A]

where (I denotes activities, t I denotes concentrations, and f 
indicates activity coefficients for the subscripted species= At 
constant ionic strength Equation 6 can be restated

K' [MA]
[M] [A] = K V a

fMA
where the activity coefficients of M, A and MA are incorporated in K1, 

the conditional association constant.
The attendant mass balance equations are

[Ml(8) 
and
(9) [A],

[M] + [MA]

[A] + [MA]
Following the derivation of Klotz (120) for equations describing
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binding of small molecules to proteins. Equations I and 9 can be 
combined and rearranged to give

do) i m i  = K' TMi[A]t I + k ' [M]

where [MA]/[AlT is the moles of metal bound per mole of A, If 
[MA]/[AlT is set equal to r then

(11) r = mo^es M bound to A K'[M]____
total moles A I + K 1[M]

Equation (11) is identical in form to the Langmuir adsorption isotherm 
(120,121). Similar equations can be developed for binding of metals to 

molecules of A containing large numbers of binding sites. By way of 
!lustration, the case of two binding sites may be considered. The 

appropriate chemical, reactions are

(12) M + a i MA

(13) M + MA £ M2A
and the associated equilibrium constant expressions are

(14) IiLT1

[MA]
[M] [A]'

(15)
[M2A] ■ „ ■M MA ■

K2 " [M] [MA]
2 V - , ,

If the binding sites are chemically identical, and there is no
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interaction between sites, and the activity coefficients for species of 

A are identical or I, then a simple relationship between and K*> may 
be demonstrated.

If -AM and MA- are used to distinguish between the two possible 
molecular forms containing one metal atom, it follows that the complex 
MA of Equations 12 and 14 is the result of
(16) M .+ - A - J - AM
and
(17) M + - A - t MA -

(18)

and

K' = [-AM] fMf-A-
[M][-A-] - ' f-AM

(19)
f f[MA-] M -A-K 1 — .[M] [-A-] f^A_

Since the sites are chemically identical, K1 must be the same for both 
reactions. K1 is termed the conditional intrinsic association constant 
for the binding of metal atoms to sites on A (120). utilizing the mass 
balance equations for MA
(20) [MA] = [-AM] + [MA-]

and noting that
(21) [MA-] = [-AM] 

it follows that
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(22) Ki
[MA-] [-AM]
[M] [-A-] [M] [-A-] K ' + K' 2K1

It can similarly be shown that

(23) k ' [MAM] K 1
'2 2 [-AM] [M] 2

and

(24) fi
Ki

Therefore, even in the case of identical sites, where the binding of M 
to one site on A has no effect on the binding of M to the other site on 

A, is larger than K*> by a factor of 4. The same result may be 
derived from statistical arguments and '/Kg' is sometimes referred to 
as the "statistical factor" (120).

A similar treatment may be extended to n binding sites giving the 
chemical equations
(25) M + A J MA

(26) M + MA Z M2A
(27) M + MA0 t M A2 d
(28) M + Mi_1A ? MiA
(29) M + M A ^ M An-1 n
and the associated equilibrium constant expressions
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(30) [MA.] 
[M] [A]

[M A]
(3D = [M] [MA]

(32)

(33) Kli

(34) K'n

CM3A]
[M] [M2A]

[MiA]
[M] [Mi_iA]

[M A] n_____
[M] [MnA]

By a treatment similar to the derivation of equations for two 
binding sites it can be shown that (120)

(35) kI = n-~ii+ 1 k '

In addition, since

(3f) moles M bound to A
total moles A

the relationship 

(37) r =
[MA] + 2 [M A] = 3 [MA] + .... + n[M A] 2 3 n

[M2A] [M3A] + --- + [MnA ][A] + [MA]

is obtained from mass balance considerations. Combination of Equations
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35 and 37 results in

(38)
ilii { , n i ( ^ l )} (k ,)i[M 3i

(39) i=!1 (n-i) ii .̂K ' ̂ tM]

1 +i i  7~iy7Y; (K,)i[M] i

where the denominator is the general expansion of (I + K1CMDn and the 
numerator is the general expansion of K1CMl (I + K1CMDn"1 (122). By 

substitution Equation 39 then becomes

(40) r = nK’CM] (I + K' [M])n 1 = nK' [-M]
(I + K 1[M]n) I + K'[M]

which differs by a factor of n from the single site system of Equation 
(11).

Equation 40 can be rearranged to obtain

(41) + I
nK' [M]



53

for which a plot of

will yield a straight line if the assumptions used in deriving the 
equations are met, i.e», that the binding sites are independent and 
identical and the activity coefficients of all species are all I or are 
all equal. The y-intercept of such a plpt is 1/n and the slope is 
1/nK'. Plots of 1/n vs 1/lMl are sometimes termed Hughes-Klotz plots 
(34).

Equation 40 can also be rearranged to

(43) - rK' 

for which a plot of

(44) IiTvsr
will yield a straight line, under the conditions given above, with y- 

intercept equal to nK1, slope equal to -K', and x-intercept equal to n. 
Such plots of Equation 43 are termed Scatchard plots (34,123).

Derivation of Equations for Metal-Humate Complexation. Hughes- 

Klotz and Scatchard descriptions of large moleculer-ligand interactions 
can be modified to provide a form useful for treatment of metal-humate 
complex formation as shown in the following.
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The formation of metal-humate complexes may be treated as a proton 
displacement reaction shown by 
(45) M + H^1HA Z MHA + XlH
where M is the free (uncomplexed) metal ion, HA is the humic substance 
molecule or repeating unit on the humic substance molecule, MHA is the 
metal-humate complex, and xl is the number of protons displaced by the 
formation of the metal-humate complex. (Charges are not shown).

The thermodynamic equilibrium constant for this reaction is

(46) r _ {MHA}{H}Xl
{m }{h HA> xl

where { } indicates activities. This equation may be rewritten as

(47) 3 [MA]Ih }
I [M)[HxlHA]

MA
fMfH ,HA xl

where I I. indicate concentrations and Emha, fM and f ^ H A  indicate 
activity coefficients for the species MHA, M and Hx^HA, respectively.

Upon rearrangment Equations 47 becomes 

(48) 1 M hXIha = [MHA]
{H+}Xlf " [M] ^ xIha1 MHA

and by letting

(49) B* - M liXim
(h IxlIMHA

it follows that
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(50) e* [MHA] .
[M] [HxlHA]

*where B]_ is the conditional stability constant for the reaction of 
Eauation 50. 3^ is a valid constant for the reaction only if the
hydrogen ion activity, ionic strength, and temperature remain constant.

If the molecule has repeating sites, 3 j corresponds to the 
intrinsic stability constant. Mass balance equations associated with 
Equation 45 are

(51) [M] = [M] + [MHA]T
and
(52) [HA]t = [HxlHA] + [MHA]

Rearrangment of Equation 50 yields

(53) [MHA] = [M][H HA]3?
X l  I

or

(54) - I = I______
[MHA] [M][HxlHA]3*

Multiplying both sides by [BA) + [MHA] obtains

(55)
[H 1 HA] + [MHA] xl

[MHA]
[H HA] + [MHA] Xl

X l ________________
[M] [H HA] 3* xl I

and it follows
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(56)
[HxlHA] + [MHA] 

[MHA]
[HxlHA] + [MHA]
[M][H .HA]3* xl I

[MHA]
[M][HxlHA]3*

Substitution of Equation 50 and simplification gives

(57)
[H HA] + [MHA] xl___________

[MHA] [M] 6* + I

and substitution of Equations 51 and 52 gives

[HA]
(58)

Letting

[M]T-[M] I + [M] 8*

(59) [HAJt = [HA]^

where is the gram formula weight of a humic substance molecule or 
repeating unit of a humic substance molecule, and rearranging and 

substituting Equation 59 into Equation 58 it follows that

(60) EhaV m;
[M]t-[M] I + [M]B*

which simplifies to
[HAitJi m;

(61) . [m ]t-[m ] - m; + 8* [m ]

which is analogous to the Hughes-Klotz plot previously described.
[HAlJ, [MIt  and [Ml are analytically accessible quantities where [HAlj, 
is the concentration of humic material in g/L, IMIt  is the total metal



57

ion concentration in moles/L, and [Ml is the free metal ion 
concentration in moles/L.

If the humate binding sites are identical and independent, then a 
plot of [HAlr̂ /([MIrp-[MD vs I/ [M] will give a straight line with the 

slope equal to M y  and the y-intercept equal to
Alternatively, an equation analogous to the Scatchard (123) 

equation can be derived:
Beginning with the conditional stability constant

(62) * = [MHA ]
I [M][HxlHA]

rearranging gives

(63) 3* [M] [MHA]

and by substituting mass balance and rearranging as follows

(64) ei [M] [HA] T-[MHA]
[MJ -[M]

(65) pi L J [h a]t-([m ]t- [M])

(66) 8*[M3([h a]- -([M]T-[M])) = [M]T-|
[M] - [M]

(67) 3*([HA]T-([M]T-[M])) - [M]

[M] -[M]
(68) 3*'[HA]T-3*([M)T-[M]) - [M]
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(69) 3| -
B* ( [M] T“ [M] ) [M]t -[M]

[h a]; [h a]t [m ]

since
(70). . [HA] = [h a]tm ;

it follows that

(71)

(72)

3* ( TM] [M] ) M' ( [M] - [M])3* ---- --------  = — — ----
1 [h a)t [h a]t [m ]
3* 3*([M] -[M]) [M] -[M]

Mw [HAl1J, [HA]^[M]

or

[M] -[M] 3* 3*( [M] - [M] )
(73) . ---5L-- = J=-----1----1----

[HAIt CM]. M; [HAJt

which is analogous to the Scatchard equation. A plot of
[Ml- [M] . [Ml- [M]

---------------—  vs ----------------—

[HA]t [M] [HA]t

under the conditions assumed, should give a straight line with:
(74) 3f/ M-'■ = y intercept

(75) “3* = slope
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and

(76) ■ 1 x intercept

It should be noted that ([M]^-[M])/[HAlp is the moles of metal bound 
per gram of HA.

Under non-ideal circumstances the above plots of Equations 61 or 
73 may give rise to curvature, which may be an indication of unequal 

intrinsic binding constants, electrostatic interaction between 
sites, or other non-statistical factors (123). In these cases 

reactions with the molecule or repeating subunits of the molecule may 
be described by:
(77) M + H ,HA T MHA + xlH
(78) 2M + Hx2HA Z M3HA '+ x2H
(79) 3M + H _HA t M HA x3 3 + x3H
(80) nM + H HA ̂  MnHA xn + XnH
where n is the number of complexation sites on the molecule or 

repeating subunit.
The corresponding overall stability constants are:

(81)

(82)

V

V

[MHA] {h }3 
[HxlHA]
[M2HA]{h } 
[M]2 [Hx2HA]

MHA * •
f fm H ,HA• xl

M2 HA .. 
f2fM H HA x2
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3 =
[M3HA]{h }x3

(83) [M] 3 [Hx3HA]

(84) Sn = [MnHA]{H}Xn
[M]n [H HA]

MnHA
T l  .M Hx3HA
fMnHA 
fn fxn M H HAxn

where it should be noted that under this formalism HxlHA, H^HA, Hx3HA, 
... Hxr̂ HA all refer to the same species (since the xi subscripts simply 
indicate the number of protons displaced) which can be collectively 
referred to as HA. It follows that the activity coefficients of the 
various HxlHA are all identical.

Stepwise formation constants may also be written:
(85)

(86)

(87)

(88)

[MHA]{H}Xl . fMHA = B
. [M] [HxlHAl

[M2HA]{H} 
K2 = [M] [MHA]

[M3HA]{h }

x2-xl
f fM H HA xl

M2 HA

x3-x2
[M] [M3HA]

[MnHA]{h }xn-xn-1

fM" fMHA

M3HA
f * f M M2 HA

MnHA'

V ei

B3ZS2

[M] [M . HA] n-1 f • f 'M Mn-IHA V 6n-1

although the formalism becomes laborious. The metal complex species in 

the denominator are understood to contain the protons being displaced 

in the stepwise reaction so that MfielHA in the denominator represents 

the species Mn_1Hxn_j, (HtD h a where xn-x(n-l) is the number of protons 
displaced.
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Continuing with the derivation, the overall conditional stability
constants are then R f fLI

6. , twa] _ ___ . M Hxim
(89)

pa. LlvImiJ X . Jix
1 ' tM1 W x! ® 1 " M xl fMHA

[M,HA] 6,g* _  ̂ z
f2fM H nHA x2

(90) 2 [M]2 [Hx2HA] ' {h}X2
[MHA]Pir - ^

fM2HA 3
Bn fMfH HA3 . x3

(91) ^3 2[M] [Hx3HA] {h }X3 fM3HA

(92)
fn[M HA] 8 M6* = — 5-------: = — -- * — -

fH HA xn
[M]n [H HA] {h } ™  fMnHA

and the stepwise conditional constants have the general form
f f. [M HA] . K M M  HA

(93) K* = — --------- = — --------  • ---------n [Ml IMn^HAl {[i)xn-xn-l

The mass balance equations for this system are

(94) [M] = [M] + [MHA] +.2[M0HA] + 3[M,HA] + . . . + n [M HA]T 2 3 n
and
(95) [HA] = [HA] + [MHA] + [M3HA] + [M3HA] + . . . + [MfiHA]

where HA refers to uncomplexed humic material (the equivalent species
HxJHA, Hx2HA, etc.). Combining Equations 59 and 89-95 and rearranging
in a manner similar to the derivation of Equation 61 results in 

'[HA] M' ( [HA] + [MHA] + [MnHA] + .[MnHA] + . [M HA] )/q>\ T _ _w__________________2________3____________n
[M] -[M] ([MHA] + 2 [M3HA] + 3 [M3HA] + . . . n [MfiHA]

In the limiting case of [M] -> 0 the concentration of higher
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stoichiometries becomes negligible and the mass balance Equations 94 
and 95 reduce to Equations 51 and 52, Equation 96 therefore becomes

M'([H HA] + [MHA])
W  X i __________________

[MHA]

M'
M' + -2---w 6*[M]

which is identical to Equation 61, a form of the Hughes-Klotz 
equation, indicating that even in the case of non-linearity, a plot of 

[HAl̂ /([M]ijr-[M]) vs I/(Ml should give an extrapolated y-intercept equal 
to if [MlT is sufficiently small. If a linear region of the plot at 

low [Mlrp can be obtained, the slope of the linear region should be 
equal to Bp Under these circumstances the molecular weight (or 
repeating subunit weight) and first conditional formation constant may 

be obtained.

In a parallel manner
LMJt- [M] [MHA] + 2 [M3HA] = 3[M3HA] + . . . n [M^HA]

(99) " / T T  = [MJM1 ([HAl + [MHA] + [M HA] + [M HA] + . . . + [M HA]) [HA] T [M] .w 2 3 • n
reduces to

[M] - [M] 3* 3*([M] -[M])
(100) • T, ■■ - jji - 1----------

[HA] T [M] w [HA] T
when [Ml is sufficiently small. Equation 100 is identical to Equation 

73, a Scatchard equation analog.

[HA]
(97) T[m ]t-[M]

(98)
[HA],
[m ]t-[M]



63

The approximations of Equations 97 and 100 can be shown to be 
valid for sufficiently small tM] even when metal complexation exhibits 
cooperative binding, i.e», even when the intrinsic binding constants 
for individual sites increase with increased degree of metal binding.

Examination of Equation 61, the Hughes-Klotz analog, indicates 
that the slope of a plot of

[M]t -[M] vs [M]

must give a positive slope (since slope = Bi where a linear plot is 
evidence for independent binding sites. Where a plot is not linear, 
convex-up curvature indicates interaction between sites causing 

inhibition of binding, while a convex-down plot suggests cooper a tivity 
in binding, i.e., an apparent increase in the intrinsic binding 

constant as binding progresses.
The above system of equations should be applicable to metal 

binding studies of humic materials, since humic substances are known to 

be high molecular weight materials containing an abundance of 
carboxylic and phenolic functionalities which may be expected to be 

capable of binding metal ions.
Experimental Results. The mixed metal sulfide type membrane metal 

ion selective electrode used was known to respond to the free, i.e., 
hydrated, form of the metal ion of interest, and not to complexed or
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precipitated forms of the metal ion (114). The type of electrode used 
was reported to show Nernstian response over the approximate activity 
range of pM 0 to pM 7 in solutions containing only the pure nitrate of 
the metal (114).

In solutions in which the metal ion exists partly in complexed 
form, where the total concentration of all forms is at least 10“® M, 
response to free metal ion activities much lower than pM I can be 

achieved (114). Ruzicka and Hansen (24) reported that a cadmium ion 
selective electrode of their construction, of the mixed metal sulfide 
type, showed Nernstian response to cadmium activities to pCd 11 at pH 9 
and pCd 9 at pH 6.7 in metal cadmium ion buffer solutions prepared 

using EDTA and NTA.
Ag+, Hg2+, Cu2+, Pb2+ and Fe^+ are known to interfere in electrode 

performance at low levels (114), and care was taken to limit their 

occurrence in solution.
Nernstian response for a metal ion selective electrode may be 

described by

(101) E

or

(102) Em = E= + 2.3026 RT 
nF log •
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where { } indicate activities, Em  and Em  are half-cell potentials 
relative to a reference electrode. Eg is at standard conditions, and 

the other symbols have their usual meanings (115). Em  has been found, 
for mixed metal sulfide electrodes, to be a function of the 
stoichiometry of the sulfide and the type of reference electrode used 

(125). If Em  v s log (M11+) is plotted, the slope of the plot is ideally 
2.3026 RT/nF, or 59.16/n mV per decade change in activity of M11+, at 
25.0°C. Johansson and Edstrom (126) found that a poorly prepared Orion 

G r + electrode gave a response slope of about 16.2 mV per decade, while
a freshly polished electrode gave a slope of 29.2 mV/decade, close to/ •
the ideal, at 23 0C.

Ion selective electrodes may be calibrated for concentration, 
rather than activity, by combining
(103) CM11+]' = Y{Mn+}

where I I denotes concentrations and Y is the activity coefficient for 

ion Mn+ (127), and Equation 102 to give

(104) 2.30326 RT
M log [Mn+]

Y
or
(105) =« - e;° +

where
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(106) EA° - eM
2.30326 RT log Y

The activity coefficient for a given ion at a given temperature in 
aqueous solution varies only with ionic strength (127), so that at 
constant temperature and ionic strength, E^p remains constant.

If the concentration of a supporting electrolyte is made large 
with respect to other species in solution, the activity coefficient for 
a given ion can be held virtually constant even though its 
concentration may vary over several orders of magnitude.

Concentration and activity calibrations, then, should give the 

same slope, 2.30326 RT/nF, but slightly differing intercepts, E^p and 
Ejjj, the difference for a given species and electrode being dependent on 

the temperature and ionic strength of the solution.
The cell potential also depends on the half-cell potential of the 

reference electrode and liquid-liquid junction potentials, if present. 
Since a double junction Ag/AgCl reference electrode was used, the 

complete cell potential must be described by

<107) Ecell - Eji + Ej2 + eA9CI + EM
where Ejj and Ejg are the inner and outer junction potentials, 
respectively, and Eftgci is the potential of the Ag/AgCl reference heilf- 

cell. Since the chemical composition of the inner and outer
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electrolyte reservoirs of the reference electrode assembly was 

constant, EAgC1 and Ej1 were presumed to be constant. Ejg' the outer 
junction potential, was the resultant potential due to contact between 
the outer electrolyte solution of the reference electrode assembly and 
the analyte solution. While not directly measurable, junction 
potentials of this type are known to be dependent on differences in the 
ionic mobilities and composition of the solutions on the two sides of 

the junction (128). Junction potentials may be minimized by large 
differences in electroylte concentration on the two sides of the 

junction and by selection of electrolytes with equal ionic mobilities
(128) . K+ and N(£j were chosen for their nearly equal ionic mobilities

(129) and weak interaction with most other ligands and metals.
In preliminary work it was found that most commercially available 

glass electrode reference electrode pairs gave irreproducible results 
in humic acid titrations. Use of sleeve type liquid junctions instead 

of the asbestos fiber or ceramic frit liquid junctions usually supplied 

with combination electrodes enhanced reproducibility. The 

irreproducibility of the latter two types of junctions was thought to 

be due to adsorption of humates on the reference junction.

With these considerations, the terms Ej1, Ejg and Eaqci of 

Equation 107 and E 0̂ of Equation 105 can be assumed to be constant 
during the course of a titration. Equations 105 and 107 can then be.
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combined to give
(108) Ecell = E' + M * log [Mn+]

where E1 is the sum of Ej1, Ej2» EAgC1 and E^0, Eg and M then become 
empirically determined constants for each titration, under the 

constraints described above. A plot of Ece-Q vs log [Mnf] should give 
a straight with slope = M and y-intercept = E1.

The Orion cadmium ion selective electrodes used for work described 

herein gave response slopes close to 29.0 mV per decade change in 
concentration as indicated by the data of Tables 9, 10, and 11, and 

Figure 6.
Table 9 is a tabulation of typical calibration data for a Cd^+ 

ion-selective electrode under the conditions indicated. Calibration 
data taken in the concentration range pCd >5 were difficult to obtain 

because of slow electrode equilibration 015 min) at low 
concentrations. Nevertheless, good linearity was observed over the 
concentration range pCd 4 to pCd 6.5 as indicated by the correlation 

coefficients and agreements factors of Table 10.

The agreement factor, sometimes called the "disagreement factor," 
is a measure of variation in the dependent variable not accounted for 
by a least squares fit of the data (130). In this case the 

relationship used was
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Table 9. Cd^+ ion-selective electrode calibration by addition of 1.000 
x IO"3 M Cd(NO1)9 in 0.100 M KNO1 to 50.0 mL 0.100 M KNO1.
T = 25°C. P147B3.

Point No. IiSd Ifl"3 E  CdNO3* =IssIfid2+I Ecell Iml

I 0.020 6.402 270.8
2 0.050 6.005 260.1
3 0.150 5.528 245.3
4 0.500 5.009 229.9
5 0.900 4.757 222.5
6 1.500 4.540 216.0
7 2.800 4.279 208.3
8 3.700 4.166 204.9
9 5.000 4.035 201.1

*Reading. Correct volume was obtained by multiplication by .9903 
calibration factor.
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Table 10. Linear least squares fit of CdP+ ion selective electrode 
calibration data of Table 9. P147B3

Points
Included

Slope*
(mv/decade) Intercept*

Overall
Standard
Deviation

Correlation
Coefficient

Agreement
Factor

4-9 29.622(.048) 81.539(.216) .040 .999995 .000154
3-9 29.627(.028) 81.519(.130) .036 .999998 .000140
2-9 29.870(.100) 80.439(.485) .184 .999966 .000709

1-9 29.651(.123) 81.432(.618) .292 .999940 .001121

*Figures in parenthesis are standard deviations.
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Table 11. Comparison of observed vs calculated values for E for 
Cd2+ electrode calibration P147B3.

•log [Cd24"] Ecell(mv) eS li (mv) E*fi -EgUf

6.402 270.8 271.26 -0.45

6.005 260.1 259.49 0.62
5.528 245.3 245.34 -0.41

5.009 229.9 229.95 -0.53

4.757 222.5 222.48 0.19

4.540 216.0 216.05 -0.46
4.279 208.3 208.31 -0.77

4.166 204.9 204.96 -0.57

4.035 201.1 201.07 0.27
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(109)
J i 1C i i . - C l /

ill'Cu. ’2I
where subscript i refers to individual measurements.

It was expected that electrode readings taken at higher Cd^+ 

concentrations (points 4-9 in Table 9) would yield more reliable 
calibrations than readings taken at lower concentrations; however, 
inclusion of data at progressively lower Cd^+ concentrations altered 
the linear least squares slope and intercept only slightly, albeit with 

some loss of precision, as indicated in Table 10. The slope observed 
was close to that theoretically predicted. Table 11 gives a'summary of 

observed vs calculated Ece-Q values using the slope and intercept 

calculated for all points. Figure 6 shows the least squares line for 
all points.

The least squares parameters for these and other measurements were 
calculated with the computer programs BOJAC (131) and a purpose written 

program.
Because of slow electrode equilibration at lower concentrations, 

and because data in the pCd 4 to pCd 5 range provided good estimates of 

the least squares slope and intercept for a broader range of 

concentrations, most subsequent electrode calibrations included data 

only in the pCd 4 to pCd 5 range.
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The Cd^+ ion selective electrode calibrations were done in order 
to monitor Cd^+ levels in titration solutions. With the intention of 
obtaining the effective molecular weight and conditional stability 
constants through the use of equations developed in the previous 
sections two solutions were titrated at pH 7.00. A solution containing

21.0 mg/L coal humic acid HA #8-1 in 0.100 M KNO3 was titrated with
1.000 x 10”3 M Cd(NOj) 2 solution (0.100 M in KNOj) and a solution 
containing 22.2 mg/L coal humic acid HA #8-1 in 0.100 M KNOj was 
titrated with 1.000 x 10 M Cd(NOj)2 solution (0.100 M in KNOj). 
Constant pH was maintained by appropriate addition of 0.1 M HCl and 

0.01 M NaOH for the first titration and 0.1 M KOH and 0.1 M HNOj for 

the second titration. Corrections for dilution due to addition of 
reagents were included in calculations. Free Cd^+ concentration was 

monitored during the course of the titrations with a Cd^+ ion-selective 
electrode calibrated as described previously.

With the view of applying Equation 61, an analog of the Hughes- 

Klotz equation, the results of the titration were tabulated as in 

Tables 12 and 13 using a purpose written program. Electrode 

calibration data are given with the tables. Column headings are self 
explanatory except for ot which is the estimated fraction of total 
sites available for complexation being occupied by divalent cadmium 

ion. The number , of total available sites was assumed to be one-half the
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total acidity (7«4 meg/g for HA #8-1). As can be seen from the range 
of values for [Cd^+] and [Cd^+] rp, the concentrations involved 
approached the lower limit of the operating range of the electrode, 
even for a metal ion buffered system, since the lowest [Cd2+I T 
approached 10“^ M. Additionally, conversion of mv values to free 
cadmium concentration involved extrapolation of the calibration least 

squares line. Both these factors tended to introduce uncertainties 
into the data at the low [Cd2+I range.

Data points taken at relatively high Cd2+ concentrations also 

could lead to errors in data interpretation, primarily because all 
complexation calculations explicitly or implicitly involve the term 

[Cd2+]rjr-[Cd2+], the bound metal concentration. Theory predicts that as 

complexation proceedk, progressively higher free Cd2+ concentrations 
are required to drive additional metal ions onto the humic material and 

eventually the Cdip+, Cd2+ difference term will decrease to the noise 

limit of the data. As an example, the last two a (%) entries of Table 
4 indicate a thermodynamically impossible decrease in degree of 
complexation accompanied by an increase in free cadmium ion 

concentration.
With such limitations in mind, plots of [HAl^ZdCd2+I^r-ICd2+D  vs 

VtCd2+I for all the data points of Tables 12 and 13 were prepared.
They are given in Figures 7, 8, and 9. For greater clarity, the data



Table 12. Titration of 50.00 mL 21.0 mg/L coal humic acid HA #8-1 at pH 7.00 I = 0.100
M KNO3. T = 25.00C. P137B3.

PU
No.

mL* IO-3M 
Cd(NO3)2 eSSzY

[Cd2*]
(M)

ICd2+I1.
(M)

IHML,
(m g/u

IHMt I
(1/M)

(*),carried2+, —  ICd2+
I 0.010 302.3 4.375 IO-^ 1.874 X IO-7 19.85 1.382 X ioS 2.285 X 10? .202 0.100 266.3 6.916 IO-Z 1.871 X 10-1 19.82 1.681 X IO4 1.446 X 10I 1.613 0.200 254.2 1.749 X 10-« 3.734 X ic -« 19.78 9.964 X !O3 5.718 X io ! 2 .714 0.300 247.7 2.879 X 10"« 5.591 X IO-? 19.75 7.280 X IO3 3.474 X io ! 3 .715 0.500 239.2 5.524 X !O- S 9.284 X io - ! 19.67 5.233 X 10? 1.810 X io ! 5.176 0.700 233.0 8.886 !Cl 1.295 X i c - ! 19.60 4.824 X 10? 1.125 X IO5 5 .60

0.90C 230.2 1.101 IC-3 1.659 X io - ! 19.53 3.504 X 10? 9.079 X IO4 7.718 1.200 226.0 1.520 IO- S 2.199 X io - ! 19.42 2.858 X 10? 6.579 X IO4 9.469 1.500 222.8 1.943 IO- S 2.734 X io - ! 19.31 2.440 X 10? 5.148 X IO4 11.08
1.800 220.2 2.371 X IO- S 3.263 X io - ! 19.21 2.153 X IO3 4.217 X IC4 12.5511 2.100 217.9 2.828 X IO- S 3.786 X io - ! 19.10 1.994 X 10? 3.536 X IO4 13.5512 2.400 216.1 3.247 X IO- S 4.304 X io - ! 19.00 1.798 X 10? 3.080 X IO4 15.0313 2.700 214.3 3.728 X IO- S 4.816 X io - ! 18.90 1.737 X IO3 2.683 X IO4 15.56
3.000 212.9 4.150 X IO- S 5.322 X io - ! 18.80 1.603 X 10? 2.410 X IO4 16.8615 3.500 210.9 4.838 X IO- S 6.155 X io - ! 18.63 1.415 X 10? 2.067 X IO4 19.1016 4.000 209.0 5.597 X IO- S 6.973 X io - ! 18.47 1.342 X 10? 1.787 X IO4 20.14
4.500 207.5 6.279 X IO- S 7.777 X io - ! 18.31 1.222 X 10? 1.593 X IO4 22.1118 5.000 206.1 6.990 X IO- S 8.566 X IO- S 18.15 1.152 X 10? 1.431 X IO4 23.4719 6.000 203.9 8.275 X IO- S 1.011 X io - ! 17.85 9.742 X IO2 1.209 X IO4 27.74
7.000 201.9 8.646 X IO- S 1.160 X io - * 17.55 9.004 X IO2 1.037 X IO4 30.0221 8.000 200.2 1.099 X 1 0 -j 1.304 X io - ! 17.26 8.435 X IO2 9.100 X 10? 32.04
9.000 198.8 1.223 X IO- I 1.443 X io - ! 16.99 7.736 X 10? 8.174 X 10? 34.93

10.000 197.4 1.362 X 10-4 1.578 X IO-4 16.72 7.741 X IO2 7.342 X IO3 34.91

ty .9903 S1-Ivxw  calibration factor. 
Electrode Calibration Data: s i - -3C.03 mv/decade

SST * 0.08 rav/decade 
overx*.: ESD * 0.15 mv

intercept ■ 81.32 w  correlation coefficient ■ 99.99% 
intercept ESD ■ 0.30 mv agreement factor - 0.07% 
concentration range - pCd 3.041 to pCd 5.000



Table 13. Titration of 50.00 mL 22.2 mg/L coal humic acid HA #8-1 at pH 7.00 I = 0.100
M KNO3. T = 25.0°C. P147B3.

Pt.
No.

mL* I0~ n  
CdCND3I2 &V ICd2+I

CM)
ICd2+I-

IHAĴ.
CmgA-T ICd2+Ir-ICd2+I

(g/mol)
ICd2+I

(VM)

I 0.100 294.1 6.659 X IO*8 1.971 X IO*7 22.10 1.693 X IO5 1.502 X IO7 .16
2 0.300 281.1 1.801 X IO*7 5.891 X IO*7 22.02 5.383 X IO4 5.552 X IO6 .50
3 1.000 261.2 7.356 X IO*7 1.937 X IC*6 21.72 1.808 X IO4 1.359 X IO6 1.50
4 1.500 256.J 1.258 X IO*6 2.877 X IO*6 21.51 1.328 X IO4 7.951 X IO5 2.04
5 1.750 254.0 1.504 X IO*6 3.342 X IO*6 21.40 1.165 X IO4 6.645 X IO5 2.3:
6 2.000 251.9 1.751 X IO*6 3.802 X IO"6 21.30 1.049 X IO4 5.648 X IO5 2.58
7 2.500 248.0 2.398 X IO*6 4.707 X IO*6 21.10 9.138 X IO3 4.171 X IO5 2.96
8 3.OOC 245. J 2.981 X IO*6 5.595 X IO*6 20.90 7.996 X IO3 3.355 X IO5 3.38
9 3.500 242. e 3.649 X IO*6 6.467 X IO*6 20.71 7.349 IO3 2.741 X IO5 3.68
10 4.000 240.' 4.229 X IO*6 7.322 X IO*6 20.52 6.634 X IO3 2.364 X IO5 4.07
ii 5.000 23' .0 5.639 X IO*6 8.989 X IO*6 20.15 6.014 X IO3 1.773 X IO5 4.49
12 6.000 234.: 7.010 X IO*6 1.060 X 10*5 19.79 5.520 X IO3 1.427 X IO5 4.90

intercept « 81.53 rav 

intercept ESD * 0.22 nv

2̂  txrw xxilunes were multi pi lx calibration correction factor .9903.

LinMI IMSt squares electrode calibration data: slope - -29.62 mv/decade

slope ESD * 0.05 mv/decade 

overall ESD » 0.04 mv

correlation coefficient - 99.99» agresnent factor « 0.02» 

Concentration range - pCd 4.035 to pCd 5.009

-J-J
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Figure 7. Plot of [HAl^/( ICd2+]T- [Cd2+D  vs I/ICd2+I for a 21.0 mg/L coal humic acid
HA #8-1 solution. pH = 7.00. I = 0.100 M KNOg- T = 25.0 °C. P137B3.
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Figure 8. Plot of I HAl^/([Cd2+J ̂  [Cd^+]) vs I/ ECd2+J for a 21.0 mg/L coaL humic acid
HA #8-1 solution. pH = 7.00. I = 0.100 M KNOg. T = 25.0°C. Lowest ICd2+J point
deleted. P137B3.



1/[CD2 +  ] X E +  06

Figure 9. Plot of [HAlV([Cd2+]̂ r-CCd2+]) vs IZtCd2+I for a 22.2 mg/L coal humic acid
HA #8-1 solution. pH = 7.00 I = 0.100 M KNOg. T = 25.0°C. P147B3.
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of Table 12 and Figure 7 is shown again in Figure 8 with the lowest 
[Cd^+] point removed=

Neglecting other considerations for the moment, the most obvious 
feature of the graphs is their non-linearity. Provided that the 
assumptions of the previously discussed multiple binding models apply, 
non-linearity of these plots implies non-independence of binding sites 
and/or differing intrinsic stability constants of the binding sites 
(123), Appropriate treatment of the tabular and graphic data may yield 
values for an integral multiple of the effective molecular weight of 

the humic material ("effective" insofar as metal binding is concerned) 
and values for conditional overall formation constants for Cd^-humate 

binding.
Before continuing with this, however, attention should be directed 

to the point corresponding to the lowest Cd^+ concentration of Figure 

9. For non-linear plots, low concentration points are necessary for 
calculation of and gj (Equations 96-98), However, this point, the 
upper-right point of Figure 9, is apparently anomalous in that it does 
not follow the convex-up trend of the other data points. The point 
should probably be rejected. Similar plots of other titrations in some 

cases show more extreme behavior at low metal concentrations, sometimes 

giving points which fall below the x-axis. There should, be no 

disadvantage in casting out such points as long as a sufficient number
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of points at sufficently low metal concentration remain to calculate 
and

An initial estimate of what constitutes sufficently low metal 
concentration may be calculated by assuming a reasonable upper limit to 
the average molecular weight of humic acid, as illustrated by the 
following discussion.

After Bjerrum (132) m, the average number of metals bound per 
humic acid molecule, is
(HO) m = moles of metal bound/mole HA

which, in terms of measured quantities is

_ [Cd2+] ~[Cd2+]
(111) m = ------T--------

[r a V mW

Stepwise formation reactions may be treated as occurring in 

distinct steps if the successive K1 s for the steps differ by a factor 
of IO^ or more. Where the reaction steps are distinct, i.e», the 

complex CdHA forms virtually to completion before any C^HA forms, and 
so oh, for successive steps, the value of m is an indicator of which 

species exist in solution. If m < I, the predominate species is CdHA, 

if I < m < 2, the predominate species are CdHA and CdgHA, etc. 

Therefore, if the association steps are distinct, m < I implies that 
stoichiometries higher than CdHA do not exist to a significant degree.
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This assumption is consistent with Equations 98 and 100. If the 
successive formation steps are not well separated, lower values of m 

are required to insure formation of only HA and CdHA, In either case, 
at sufficiently small values of m, the reaction of importance is Cd 2+ 

HA t CdHA, and a plot IHAl^/([Cd2+ ] [ C d 2+]) vs I/[Cd2+] should be 
linear, permitting calculation of ^  and gj from the slope and 
intercept of the line.

Equation 111 indicates that if all other values are held constant,
increasing Mw implies increased m. For an initial estimate of m, the
least favorable value of m, therefore, will be derived by assuming the

largest likely value of Mw. Although a wide range of values of Mw have
been reported for humic acids, a number of workers have reported

consistent values considerably less than 10,000 (5,35). By taking
to be not greater than 10,000 initial estimates of m were calculated.
They are tabulated as m^Q qqo in Tables 14 and 15. These values were
calculated from the data of Tables 12 and 13, respectively, using

Equation 111 and assuming Mw = 10,000. It is seen that even after

casting out the point corresponding to the lowest [Cd2+]T as previously
described, several points from Table 13 and Table 15 remain for which in

* '< I. These points should be acceptable for calculation of M^ and Bp 
if they fall on a straight line. Deciding whether or hot points fall 

on a straight line involves some subjectivity. In this case, the first
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point of Table 13 (and Table 15) was cast out and from a new graph.
Figure 10, the next four lowest [Cd2+I points appeared to be

sufficiently linear to permit calculations of and an improved

estimate of Regraphing is necessary because of the extreme x-axis
stretching of the Hughes-Klotz function. Linear least squares
parameters were calcualted for points 2 through 5 of the data. TSie
slope was found to be 8,5705 x 10“2 (+ ,0717 x 10“ )̂ and the y-
intercept was found to be 6.2474 x IO3 (± 0.2081 x IO3). The overall
estimated standard deviation was 2.887 x IO3, the correlation

coefficient was 99.99%, and the agreement factor was 0.69%, indicating
good linearity of the data.

*and may be calculated from Equation 98 and the linear least 

squares parameters. From Equation 98, = y-intercept and g j =
M y slope, therefore M^ = 6274 (±208) and 3j = 7.3205 x IO5 (£ 0.2429 x 
10^). Figures in parentheses are standard deviations. Propagation of

error for 3? was calculated using conventional formulas (133). It is
'seen that the results are consistent with the assumption that M^ 

10,000. m values calculated from the Hughes-Klotz experimental are 

tabulated as mg274 Tables 14 and 15.
In the absence of complicating factors, should be constant at 

any pH; gj, a conditional constant, should increase with decreasing,
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Table 14. Tablulation of fiL for the titration of 50.00 mL 21.1 mg/L 
coal humic acid HA #8-1 at pH 7.00. I = 0.100 M KNOg. T = 25°C.
Sx calculated assuming - x. P137B3

No.* [Cd2+]T 5iIOrOOO (%) %274 %758

I 1.874 x 10'7 .072 .20 .045 .049
2 1.871 x IQ-® .595 1.61 .373 .402
3 3.734 x 10-6 1.004 2.71 .630 .678
4 5.591 x 10-6 1.374 3.71 .862 .928
5 9.284 x 10"6 1.911 5.17 1.199 1.291
6 1.295 x 10-5 2.073 5.60 1.301 1.401
7 1.659 x 10-5 2.854 7.71 1.791 1.929
8 2.199 x 10"5 3.499 9.46 2.195 2.365
9 2.734 x 10-5 4.098 11.08 2.571 2.770

10 3.263 x 10“5 4.645 12.55 2.914 3.139
11 3.786 x 10-5 5.015 13.55 3.146 3.389
12 4.304 x 10-5 5.562 15.03 3.489 3.759
13 4.816 x 10-5 5.757 15.56 3.612 3.891
14 5.322 x 10-5 6.238 16.86 3.914 4.216
15 6.155 x 10-5 7.067 19.10 4.434 4.776
16 6.973 x 10-5 7.452 20.14 4.675 5.036
17 7.777 x 10“5 8.183 22.11 5.134 5.530
18 8.566 x 10-5 8.681 23.47 5.446 5.866
19 1.011 x IQ-* 10.265 27.74 6.440 6.937
20 1.160 x 10-4 11.106 30.02 6.968 7.506
21 1.304 x 10-4 11.855 32.04 7.438 8.012
22 1.443 x 10-4 12.927 34.93 8.110 8.736
23 1.578 x IQ"4 12,918 34.91 8.105 8.730

*Index number corresponds to those of Table 12.
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Table 15. Tabulation of rrL for the titration of 50.00 mL 22.2 mg/L 
coal humic acid HA #8-1 at pH 7.00. I= 0.100 M KNO3. T = 25.0PC. m x 
calculated assuming = P147B3.

NO.* [Cd2+]T ffiIOrOOO a(%) ffi6274 ”6758

I 1.971 x IOT1 .059 .16 .037 .040
2** 5.891 x IO"7 .186 .50 .117 .126
3** 1.937 x IO"6 .553 1.50 .347 .374
4** 2.877 x IO"6 .753 2.04 .472 .509
5** 3.342 x IO"6 .858 2.32 .539 .580

6 3.802 x IO"6 .953 2.58 .598 .644

7 4.707 x IO"6 1.094 2.96 .687 .740

8 5.595 x IO"6 1.251 3.38 .785 .845

9 6.467 x 10"6 1.361 3.68 .854 .920

10 7.322 x 10'6 1.507 4.07 .946 1.019

11 8.989 x IO"6 1.663 4.49 1.043 1.124

12 1.060 x IO"5 1.812 4.90 1.137 1.224

*Index numbers corresponds to those of Table 13. 

**Points used for least squares calculation of and
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Figure 10. Plot of tHAlr/([Cd^+I ^ [Cd2"1-]) vs IZtCd^+I for 22.2 mg/L coal humic acid
HA#8-1 at pH 7.00. I = 0.100 M KNO3. T = 25.0°C. Lowest tCd2+] point deleted.
P147B3.
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protonation of HA, Le,, should increase as pi decreases.
For comparison, experiments similar to the above were conducted 

with coal humic acid HA #8-1 at pH values of 5.50, 6.00 and 7.50. The 

results of the experiments are tabulated in Tables 16, 17 and 18. The 
data are shown graphically in Figures 11, 12 and 13.

The first and last data points of Table 18, the pH 5.50 
experiment, may be immediately rejected because of the physical 
impossibility of negative a(%) values. The impossibility of these 
points is equally evident from the graphs of Figures 13 and 14 which 

indicate negative values of [HA]^([Cd^+]^[Cd2+D  for these points.
At this point the first three points of the pH 5.50 data were dropped 
from Figure 14 in order to elucidate the higher [Cd2"*! points. Points 

22 and 23 of the pH 5.50 data were also rejected since they indicated 

an apparently impossible decrease in metal binding with ah increase in 

ICd2+Ir
The erroneous values at the first point, corresponding to 

relatively low [Cd2+3, was probably due to insufficient electrode 
equilibration time for the reading. The erroneous values for the last 
point may be attributable to the fact that at low pH, protons compete 
more effectively for binding sites and, therefore, the degree of Cd2+ 
complfxation is correspondingly reduced. Under the circumstances the 
difference between [Cd2+1T and [Cd2+] approaches the noise limit of the



Table 16. Titration of 50.00 mL 22.2 mg/L coal humic acid HA #8-1 at 6.00 I =
0.100 M KNO3. T = 25.0°C. P153B3.

Pt. mL* IO- 4 M E „ n  (Cd2+] (Cd2+]. IHMi. — ------ —  fq/mol) -- —  OTM) a
No. Cd(NO3)2 finvT (M! (M) (ng/L? (Cd2+If-ICd2+] (Cd2+] (»)

I .200 276.3 2.336 X IO-7 3.938 X IO-7 22.06 1.378 X IO5 4.280 X IO6 .20
2 .500 264.8 5.738 X IO-7 9.788 X IO-7 21.95 5.419 X IO4 1.743 X IO6 .50

3 .800 258.2 9.609 X IO-7 1.557 X IO-6 21.82 3.661 X IO4 1.041 X 10« .74
4 1.200 252.3 1.524 X IO-6 2.317 X IO-6 21.65 2.728 X IO4 6.563 X IO5 .99

5 1.500 249.3 1.926 X io-* 2.880 X IO-G 21.53 2.257 X IO4 5.192 X IO5 1.20

6 1.800 246.8 2.342 X IO-G 3.438 X 10-® 21.40 1.953 X IO4 4.270 X IO5 1.38
7 2.300 243.4 3.054 X IO-G 4.351 X IC-G 21.20 1.635 X IO4 3.274 X IO5 1.65
8 3.000 239.7 4.078 X IO-6 5.600 X IO-6 20.92 1.375 X IO4 2.452 X I0S 1.97

9 4.000 235.8 5.531 X IO-6 7.329 X IO-G 20.54 1.142 X IO4 1.808 X IO5 2.37

10 .150** 231.3 7.861 X IO-G 1.006 X IO-6 20.48 9.321 X IO3 1.272 X IO5 2.90

11 .300** 228.0 1.017 X IO-5 1.275 X IO-5 20.43 7.913 X IO3 9.830 X IO4 3.42

12 .550** 223.9 1.401 X IO-S 1.724 X IO-S 20.33 6.306 X IO3 7.135 X IO4 4.29

13 .900** 219.7 1.946 X ID'S 2.343 X IO-5 20.20 5.089 X IO3 5.139 X IO4 5.31

14 1.510*« 214.3 2.967 X IO-S 3.405 X IO-S 19.99 4.566 X IO3 3.370 X IO4 5.92

15 2.000** 211.3 3.751 X ID-5 4.243 X IO-S 19.81 4.029 X IO3 2.666 X IO4 6.71

16 3.050** 206.7 5.373 X IO-5 5.986 X 1 0-s 19.45 3.174 X IO3 1.861 X IO4 8.52

17 5.000** 201.0 8.388 X IO-S 9.065 X IO-S 18.81 2.780 X IO3 1.192 X IO4 9.72

18 8.000** 195.8 1.259 X 10-4 1.342 X 10-4 17.91 2.158 X IO3 7.941 X IO3 12.53

♦Syringe volutes were multiplied by calibration correction factor .9903.

*«10-3 M Cd(NO3)2

Linear least squares electrode calibration data: slope = -29.40 nv/decade intercept - 81.34 mv
slope ESD = 0.19 mv/decade intercept ESD = 0.55 mv
overall ESD = 0.06 mv
Correlation coefficient - 99.99% agreement factor - 0.02% 
concentration range - pCd 4.045 to pCd 5.528



Table 17. Titration of 50.00 mL 22.2 mg/L coal humic acid HA *8-1 at pH 7.50 I = 0.100
M KNO3. T = 25.0°C. P157B3.

Pt. mL* IO-4K Em11 [QJ2+I IQJ2+It  IBWL — ----- —  (g/mol) -- —  (1/M) ^
No. Qj(NO3)2 (w) (M) (M) (mg/U [Cd2+If-CQj2+I [Cd2+I (»)
I .200 294.1 5.798 X IO-* 3.938 X IO-7 22.08 6.574 X IO4 1.725 X IO7 .41
2 .500 279.8 1.777 X 10-7 9.787 X IO-7 21.95 2.740 X IO4 5.628 X 10* .99
3 .800 271.8 3.325 X IO-7 1.556 X 10-* 21.81 1.782 X IO4 3.008 X 10* 1.52
4 1.800 255.9 1.155 X 10-* 3.437 X 10-* 21.40 9.376 X IO3 8.658 X IO5 2.88
S 2.300 251.3 1.656 XlO-6 4.350 X 10-* 21.19 7.868 X IO3 6.039 X IO5 3.44

6 3.000 246.4 2.431 X 10-* 5.599 X IO-* 20.92 6.602 X IO3 4.114 X IO5 4.09
7 4.000 241.6 3.540 X IO-* 7.328 X IO-* 20.53 5.421 X IO3 2.825 X IO5 4.99
8 .150* ** 235.9 5.532 IO-* 1.006 X IO"5 20.48 4.526 X IO3 1.808 X IO5 5.97
9 .300** 231.9 7.567 X IO-* 1.275 X IO-5 20.42 3.939 X IO3 1.322 X IO5 6.86
10 .500** 227.8 1.043 X IO-5 1.633 X IO-5 20.35 3.447 X IO3 9.586 X IO4 7.84
11 .900** 222.0 1.643 X ID-* 2.342 X IO-5 20.20 2.889 X IO3 6.086 X IO4 9.36

12 1.500** 216.2 2.588 X IO-5 3.387 X IO-5 19.98 2.502 X IO3 3.864 X IO4 10.80
13 2.000** 212.9 3.351 X ID-* 4.242 X 10-5 19.81 2.224 X IO3 2.984 X IO4 12.15
14 3.000** 208.0 4.919 X IQ-* 5.904 X IO-5 19.46 1.976 X IO3 2.033 X IO4 13.68
15 5.000** 201.9 7.931 X IO-5 9.060 X IO-5 18.81 1.665 X IO3 1.261 X IO4 16.23
16 8.000** 196.3 1.230 X IO-4 1.342 X 10-4 17.91 1.596 X IO3 8.132 X IO3 16.93

•fringe volunes were multiplied by calibration correction factor .9903.

•*10~3 H Cd (NO3)2
Linear least squares electrode calibration data: slope » -29.40 tw/decade intercept - 81.34 j k

slope ESD ■ 0.05 mv/decade intercept BSD - 0.22 mv
overall ESD = 0.06 mv
correlation coefficient = 99.99% agreement factor - 0.02% 
concentration range - pCd 4.045 to pCd 5.528



M3KNO 18*t  ̂ 2 5  GOf0n of 5 0 *00 22,2 mg/L coal humic acid HA *8-1 at pH 5.50 I = 0.100

Pt. mL‘ IO-4M K  .. (MOV.
(mg/Ll

IHfcJ* I
(VN)No.

1
2

Cd(ND3)i KSV W (M [Cd2V l C d 2+I [Cd2*] <%>
.100
.200
.300
.400
.500
.700
.900

1.100
1.300
1.500
1.800
2.100
2.500
3.000
4.000 
.150** 
.300** 
.500** 
.900**

1.500**
2.000*«
3.000**
5.000*«
8.000«*

2/5.v 2.526 IO-7 1.974 X IO-7 22.13 -4.006 X lo5 3.959 X IOj -.07
3 261.li 3.860 X IO-7 3.940 X IO-7 22.09 2.788 X 10? 2.590 X 10? .01
4 265.li 5.285 X IO-7 5.898 X IC-7 22.04 3.598 X 105 1.892 X 10? .08
5 2b:. r 6.742 X IO-7 7.848 X IQ-7 22.00 1.988 X 10 1.483 10? .14
6 260.(1 8.334 X io-7 9.791 X IO]7 21.96 1.507 X iol 1.200 X 10? .18
7 ZeI4V. 4I 1.150 X IO^ 1.365 X lo-j 21.87 1.016 X I? 8.695 X 10? .27
8 Z4VjJI 1.467 X itrl 1.749 X i(d 21.78 7.736 X IO4 6.816 X 10? .35
9 Z4VW.; 1.799 X IOj 2.129 X ioj 21.70 6.584 X IO4 5.558 X 10? .41
10 J 411. I 2.122 X 10 j 2.506 X :°j 21.62 5.624 X io; 4.713 X 10? .48
11 24c- I 2.444 X 10-j 2.881 X 10"6 21.53 4.932 X io; 4.091 X 10? .55
12 244. V 2.928 X 10j 3.439 X lcj 21.41 4.190 X 10? 3.415 X 10? .65
13 242.0 3.426 X lO-f 3.989 X 10j 21.29 3.781 X io; 2.919 X 10? .71
14 211.!I 4.072 X ioj 4.713 X 10-6 21.13 3.299 X IO4 2.456 X 10? .82
15 2V.4 4.917 X 10j 5.602 X IO-6 20.93 3.054 X IO4 2.034 X 10? .88
16 23 I t: 6.523 X 10j 7.332 X 10"6 20.55 2.541 X IO4 1.533 X 10? 1.06
17 229 8.931 X io-f 1.006 X 10-5 20.49 1.813 X IO4 1.120 X HP 1.49
18 *26.4 1.166 X 10-5 1.276 X IO"= 20.43 1.868 X IO4 8.573 X io; 1.45
19 -23.. I. SOC X 10-5 1.634 X 10-5 20.36 1.513 X IO4 6.668 X io; 1.79
20 218. I 2.203 X 10-5 2.343 X 10*5 20.21 1.444 X IO4 4.538 X io; 1.87
21 21 V o 3.167 X 10-5 3.388 X 10-5 19.99 9.944 X IO3 3.138 X 10’ 2.72
22 2lv. * 4.002 X 10-5 4.244 X 10-5 19.82 8.212 X IO2 2.499 X io; 3.29
23 2t*>.; 5.699 X IO"= 5.907 X 10-5 19.47 9.376 X IO31 1.755 X io; 2.88
24 200. -v 8.917 X 10-5 9.067 X 10-5 18.82 1.254 X IO4 1.121 X IO4 2.1519S.; 1.363 X IO"4 1.342 X IO"4 17.91 -8.896 X IO3 7.339 X IO3 -3.04

in̂ e voltTOS weit* ipj. •. N  v'a! ibration correction factor .9903. 
••10‘3 M Cd(ND3 )2

9 ûa '.XaMon data: slc^e = -29.32 mv/decade intercept * 81.76 mv
slope ESD = 0.05 rav/decade intercept ESD = 0.24 rw
overall ESD = 0.07 mv
correlation coefficient ■ 99.99% agreement factor - 0.03% 
concentration range - pCd 4.045 to pCd 5.528
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Figure 11. Plot of [HA]y([Cd^ ]ip-[Cd^+]) vs I/(Cd^+I for 22^ mg/L coal humic acid
HA#8-1 at pH 6.00. 1=0.100 M KNO3. T = 25.0°C. P153B3.
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Figure 12. Plot of [HA]^([Cd2+I1,-[Cd2+D  vs I/[Cd2"1"] for 22.2 mg/L coal humic acid
HA#8-1 at pH 7.50. I = 0.100 M KNO3. T=25.0°C. P157B3.
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Figure 13. Plot of [HA]/([Cd2+]^[Cd2+D  vs I/[Cd2+] for 22.2 mg/L coal humic acid
HA#8-1 at pH 5.50. I= 0.100 M KNO3. T=25.0°C. P161B3.
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25.00C. P161B3.
Figure 14. Plot of [HA]V([Cd2+] [ Q l 2+]) vs I/[Cd2+] for 22.2 mg/L coal humic acid
HA#8-1 at pH=5.50. Three lowest ICd2+] points not plotted. 1=0.100 M KNO3. T=
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data,, These "impossible'1 points make neighboring points suspect. To 

see if other points could be safely rejected, mio,000 was calculated as 
before and tabulated as in Tables 19-21. The apparent convex-down 
curvature of Figure 14, the pH 5.50 experiment, could indicate 

cooperativity in the binding of cadmium ion to the humic material. 
Examining both this tabulation and the tHA] y  ([Cd^+] [Cd^+]) vs

VtCd^+I graphical representations of the data sets, four points were 
selected from each experiment for determination of and at each 
pH. The points selected are indicated in each of the Tables 10 and 19-
21. In each case, points were selected such that they lay on an 

approximately straight line, and for each point m I  I. In addition, 
for the pH 5.50 experiment, points were selected that were not in the 
region of convex-down curvature for Figure 14. Although cooperative 

binding could explain the convexi-down curvature, cooperative multiple 

binding at such low m values is difficult to rationalize. Since at low 
m, the [MJt-IM] term of the Hughes-Klotz equations is sensitive to 

small calibration errors, experimental error is the more probable 
source of curvature and the points were rejected for that reason. As 

will be seen, these points also look doubtful in a Scatchard 
representation.

After selection the points were used to calculate a linear least 
squares line for each of the pH values. Tha results are listed in
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Table 19. Tabulation of Sx for the titration of 50.00 mL 22.2 mg/L
coal humic acid HA#8-1 at pH 6.00. 1=0.100 M KNO3. T=25.0°C. Sx
calculated assuming M^=x. P153B3.

No.* rcd2"bT %0,000 a (%) ”*5837 ^6758

I 3.938x10-7 .073 .20 .042 .049
2 9.788x10-7 .185 .50 .108 .125
3 1.557x10^° .273 .74 .159 .185
4 2.317x10-6 .367 .99 .214 .248
5** 2.880x10-6 .443 1.20 .259 .299
6** 3.438x10-6 .512 1.38 .299 .346
7** 4.351x10-6 .612 1.65 .357 .413
8** 5.600x10-6 .727 1.97 .425 .491
9 7.329x10-6 .876 2.37 .511 .592

10 1.006x10-5 1.073 2=90 .626 .725
11 1.275x10-5 1.264 3.42 ?738 .854
12 1.724x10-5 1.586 4 .29 .926 1.072
13 2.343x10-5 1.965 5.31 1.147 1=328
14 3.405x10-5 2.190 5.92 1.278 1.480
15 4.243x10-5 2.482 6.71 1.449 1.677
16 5.986x10-5 3.151 8.52 1.839 2.129
17 9.065x10-5 3.597 9.72 2.100 2.431
18 1.342x10-4 4.634 12.53 2.705 3.132

*Index number. Corresponds to those of Table 16.
. . .  *

**Points used for least squares calculation of and



98

Table 20. Tabulation of nL for the titration of 50.00 mL 22.2 mg/L
coal humic acid HA#8-1 at pH 7.50. 1=0,100 M KNO^c T=25.0°C mx
calculated assuming M^=x, P157B3.

No.* [Cd2+]T E10,000 a (%) #7314 #6758

I** 3.938x10-7 .152 .41 .111 .103
2** 9.787x10-7 .365 .99 .267 .247
3** 1.556x10-9 .561 1.52 .410 .379
4** 3.437x10-° 1.067 2.88 .780 .721
5 4.350x10-6 1.271 3.44 .930 .859
6 5.599x10-6 1.515 4.09 1=108 1.024
7 7.328x10-6 1.845 4.99 1.349 1.247
8 1.006x10-5 2.209 5.97 1.616 1.493
9 1.275x10-5 2.539 6.86 1.857 1.716

10 1.633x10-5 2.901 7 .84 2.122 1.961
11 2.342x10-5 3.461 9.36 2.532 2.339
12 3.387x10-5 3.997 10.80 2.923 2.701
13 4.242x10-5 4.496 12.15 3.289 3.039
14 5.904x10-5 5.061 13.68 3.701 3.420
15 9.060x10-9 6.006 16.23 4.393 4.059
16 1 .342x10- 6.266 16.93 4.583 4.234

*Index number. Corresponds to those of Table 17.
***Points used for least square calculation of and
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Table 21. Tabulation of nL for the titration of 50.00 rpL 22.2 mg/L
coal humic acid HA #8-1 at pH 5.50. 1=0.100 M KNO^. T=25.0°C. mx
calculated assuming = x. P161B3.

No.* [Cd2+1T S10,000 a(%) ”4061 ”6758

I 1.974x10-% - .0 2 5 - .0 7 -.010 -.017
2 3.940xl0-Z .004 .01 .001 .002
3 5.898x10"; .028 .08 .011 .019
4 7.848x10-; .050 .14 .020 .034
5 9.791x10-7 .066 4 8 .027 .045
6 1.365x10-* .098 .27 .040 .0677** 1.749x10-0 .129 .35 .052 .087
8** 2.129x10-0 .152 .41 .062 .103
9** 2.506xl0-o .178 .48 .072 .120

10** 2 .881x l0 -o .203 .55 .082 .137
11 , 3.439x10-% .239 .65 .097 .161
12 3.989x10-0 .264 .71 .107 .179
13 4.713x10-0 .303 .82 .123 .205
14 5 .602x l0 -o .327 .88 .133 .221
15 7 .332x l0 -o .394 1.06 .160 .266
16 1.006x10-5 .552 1.49 .224 .373
17 1.276x10-5 .535 1 .45 .217 .362
18 1.634x10-5 .661 1.79 .268 .447
19 2.343x10-5 .693 1.07 .281 .468
20 3.388x10-5 1.006 2 ,72 .408 .680
21 4.244x10-5 1.218 3 .29 .495 .823
22 5.907x10-5 1.067 2.88 .433 .721
23 9.067x10-5 .797 2 4 5 .324 .540
24 1.342x10-* -1 .1 2 4 -3 .0 4 -.4 5 6 -.7 6 0

*Index number. Corresponds to those of Table 18.
***Points used for least squares calculation of and
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Table 22.

From Table 22 it is seen that the pH 5.50 and the pH 7.50 data 

exhibit considerable noise, although the noise is not particularly 
evident in the graphical representations of the data. Bie pH 5.50 
experiment in particular shows very large standard deviations for the 
slope and y-intercept of the linear least squares line. The large 

standard deviations are reflected in the large uncertainties of the 
and 3 £ values. Bie large standard deviations at pH 5*50 and, to a 
lesser extent, at pH 7.50 probably stem from the causes previously 

discussed, i.e., at low pH, metal binding is weak due to competition 

from protons and the difference term, ECd^+] [ C d ^ +I, is therefore 
small and nearly constant, while at higher pH values, metal binding is 

relatively strong and the difference term therefore approaches ECd^+] T 
and again is relatively constant. Even so, in each case the values 
are clearly less than 10,000, indicating the m values for the points 
used to calculate and b | are well under one. m values calculated 
from the values determined at each pH are tabulated in Tables 14, 
15, 19, 20, and 21, as previously mentioned.

. The low ICd^+]T data of the pH 5.50, 6.00, 7.00 and 7.50 

experiments were also plotted on a common set of axes as in Figure 15. 

It is seen that the four lines representing the four different pH data 
sets are well separated and that they clearly show convergence at the
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Table 22. and values and least squares parameters derived for 
Hughes-Klotz plots of Cd2+ binding of coal humic acid HA #8-1.

plotted*

pH 5.50 slope - 0.1081 <± .0108)

!^intercept - 4.0611 x I03(t5.7268 x 103) 

overall ESD - 2.21 x IO3 

correlation coefficient » 99.01% 

agreement factor - 2.51% 

pts - 7-10

pH 6.00 slope - 3.2166 x 10"2<±.0211 x 10"2)

y-intercept - 5.8365 x 103(t.0832 x IO3) 

overall ESD - 43.6 

correlation coefficient - 99.99% 

agreement factor - 0.17% 

pts - 5-8

pH 7.00 slope - 8.5705 x 10"3(±.0717 x IO"3)

y-Intercept » 6.2740 x IO3(±.2081 x IO3) 

overall ESD - 2.887 x IO3 

correlation coefficient » 99.99% 

agreement factor - 0.69% 

pts - 2-5 (P147B3 only)

pH 7.50 slope - 3.4046 x 10"3(±.0750 x 10"3)

y-intercept - 7.3143 x IO3(±.6906 x 103)

overall ESD - 949

correlation coefficient - 99.95%

aq rnnnetfit fa c to r  •  I . HU

|4b - 1-4

Canbined cannon intercept *» 6758.0 

slope (pH 5.50) ■ .1046 

slope (pH 6.00) > 2.9906 x )0"2 

slope (pH 7.00) - 8.4505 x IO"3 

slope (pH 7.50) - 3.4484 x 10'3

derived**

HJ - 3.757 x IO4(±5.405 x 104) 

MJ, - 4061 (±5829)

BJ - 1.814 x 10S(±.028 x IO5) 

HJ, - 5837 (±83)

BJ - 7.3205 x IO5(±0.2429 x IO5) 

MJ, - 6274 (±208)

- 2.148 x IO6(±.208 x IO6) 

MJ, - 7314 (±691)

MJ, - 6758 

I-1 (pH 5.50) 

8] (pH 6.00) 

I'j (pH 7.00) 

J (pH 7.50)

6.461 x IO4 

2.260 x IO5 

7.997 x IO5 

1.960 x IO6

‘Figures in parentheses are standard deviations.

“ Fibres in parentheses are standard deviations calculated from conventional propogation of 
error formulas.
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point used for least squares fits
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Figure 15. Combined plot of [HAl̂ /([Cd2+Irf-[Cd2+]) vs l/[Cd2+] for HA#8-1 at pH 5.50,
pH 6.00, pH 7.00 and pH 7.50.
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y-axis. Assuming that is invariant with respect to changes in pH, 

an optimum can be calculated by altering the usual linear least 
squares procedure. The usual procedure is as follows;

For a set of points (x̂ ,ŷ ) such that each response is assumed 
or known to be approximately predictable from each x^ by some function 
f(x), a net error function for the prediction of y from x

V  2(112) s =.E (y. - f(x.))1=1 i I

may be defined where n is the total number of points in the (x̂ ,ŷ ) 

data set and s is said to be the sum of squared errors, or residuals, 

of the prediction of y from x. The "best" function for the prediction 
of y from x is the one that produces a minimum value for s. If y is 
linearly predictable from *, then the predictor function has the form

(113) f (x) = mx + b
and finding the optimum function is reduced to finding the pair of 
values m and (b which produce a minimum s. m and b may be found by 
substitution of Equation 113 into 112, giving 

n
(114) S =, X (y. - b - mx.)i=l i . i

which is then partially differentiated with respect both to m and b, 

giving two equations. If the two equations are set equal to zero, the 
following two equations in two unknowns are obtained (134,135).
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Zy. - mZx.
(115) b = — ^ n

nZx.y. - L'x.Zy.
(116) m = ---^

nZxf - (Exi)^

n
where % is understood to mean .I.

. i - i

Equations 115 and 116 were used for determination of the slope and 
intercept of least squares lines for individual sets of data=

The altered form of the least squares procedure,, used to calculate 
the combined values of Table 22, is as follows:

/ If a set of points (x^j,y^j) is assumed, or known, to fall into 
groups j (where the subscript i refers to numbering within each group) 

such that a response is approximately predictable by a linear 
function
(117) £.(x) = m.x + b .] ]. ]
specific to each group j of points, then the error function of Equation 

112 becomes
k n.

(US) S - ^ 1 .Z31 (Yij - V y  - V 2

for k groups of data each of ry points. If it is further assumed that 
the various data groups have a common y-intercept. Equation 118 becomes

n . ]
A i h  (yij mH xI j b)(119)
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since b = bj for all j.
The partial derivative of s with respect to each of the parameters 

riij and b may be taken, yielding k ,+ I equations, which when 
individually set equal to zero give a system of k + I unknowns which 

may be solved for the optimum b and ny values.
It can be shown that partial differentiation of Equation 119 

followed by setting of the partial derivatives to zero, i.e., the least 

squares criterion, gives the system of equations
k nj k nj k

(120) . E, .2, y. . •= .Z- . Z- m .x. . + b . Z-3=1 i=l jfIj D=I i=l ] ij i=l

and
n . nj 2 "i3

(121) ill =1IjyIj * mj iil =1Ij + b ill xij

where each group of points j = I to k generates a new equation of the 
form of Equation 121. The resultant k + I linear equations in k + I 

unknowns can be solved most simply by inversion of the associated k + I 
by k + I matrix of coefficients of the variables b and m^ through ny.
As is evident from Equations 120 and 121, the coefficients of these 

variables can be calculated from the experimental data points 
(Xij,yij). The matrix thus calculated can then be inverted and used to 
calculate the values of the least squares parameters. This procedure 

for calculation of least squares parameters for multiple lines with a
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common intercept was derived independently and, to the author's 
knowledge, does not appear elsewhere in the literature.

Using purpose written FORTRAN programs, the procedure was used to 
recalculate and the 0 £ values for the Cd^+ complexation experiments 
at pH 5.50, 6.00, 7.00 and 7.50. The results are listed in the 

combined section of Table 22 and are indicated graphically by the 

dashed line segments of Figure 15. The same sets of four points at 
each pH were used to calculate the least squares parameters for the 
individual lines and the combined data. The use of four points for 

each line gave equal statistical weighting to each pH. As can be seen 
from Figure 15, the combined data parameters differ only slightly from 
the parameters for individual lines, the chief benefit being an 

estimate of based on a larger number of points than for any 
individual experiment, and assured global self-consistency of all the 
parameters. Statistical uncertainties for the combined data parameters 

were not calculated, but were reasonably expected to be no larger than 

the uncertainties of parameters calculated from individual experiments.
Scatchard (123) has suggested that plots of the type 

[HA]Jj/ ([Cd^+] rp- [Cd^+I) vs I/CCd^+], when applied to protein-small 
molecule interactions, tend to mask deviations from linearity. He 

suggested instead the use of plots of the type ([Cd^+]^r 
[Cd^+I)/[HAly Cd^+I vs ([Cd2+JqrICd2fJ)/[HA]fc This type of plot was
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previously discussed and it was shown that for the case of no 
interaction between binding sites (Equation 73), = -slope and S^/M^
= y intercepts If interaction occurs or if there are differing 
intrinsic formation constants, as for Equations 99 and 100, then and 

must be deduced from data for which [MIt  approaches zero. The data 
of Tables 12, 13, 16, 17, and 18 were used to calculate the appropriate 

Scatchard parameters using a purpose written ppRTRAN program. The 
resultant values are shown in Tables 23-27. Scatchard plots of the 
data are shown in Figures 16-20. The plots confirm the non-linearity 

seen in the Hughes-Klotz plots.
Criteria similar to those used for the Hughes-Klotz plots can be 

used to cast out physically or mathematically unreasonable points. 
Negative values for either the x or y variable, for example, are 
physically impossible, therefore, e.g., the first and last points of 

Table 27 can be eliminated, as before.

An evident difference between the Scatchard Figures 16-20 and the 
Hughes-Klotz Figures 10-14 is that the Scatchard type plots show more 
even spacing of data points along the line of the data. One of the 

difficulties in interpreting Hughes-Klotz plots is the uneven scaling 
of points on the horizontal, i.e., (!/[Mn4-]) axis which makes it 

difficult to distinguish plot non-linearity. This problem appears to 

be eliminated in the Scatchard plots.
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Table 23» Scatchard values for the titration of 50,00 mL 21,0 mg/L
coal humic acid HA #8-1 at pH 7.00. I = 0.100 M KNOo. T = 25.0°C.
P137B3.

Pt #* [Cd2+ ]T-rCd2 + ] [Cd2+] [Cd2+]

[ H A ] . [HA]T [Cd2+)

I 6.472x10-6 147.9
2 5.949x10-5 86.02
3 1.004x10-4 57.39
4 1 .374xl0“4 47.71
5 1.911x10-4 34.60
6 2.141x10-4 24.09
7 2.854x10-4 25.91
8 3.499x10-4 . 23.02
9 4.099x10-4 21.10

10 4.644x10-4 19.58
11 5.014x10-4 17.73
12 5.562x10-4 17.13
13 5.759x10-4 15.45
14 6.237x10-4 15.03
15 7.069x10-4 14.61
16 7.452x10-4 13.31
17 8.181x10-4 13.03
18 8.683x 10“4 12.42
19 1.026x10":? 12.40
20 1.111x10-3 11.51 ..
21 1.186x10-3 10.79
22 1.293x10-3 10.57
23 . 1.292x10-3 9.484

*Numb$rs correspond to those of Table 12.
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Table 24. Scatchard values for the titration of 50.00 mL 22.2 mg/L
coal humic acid HA #8-1 at pH 7.00. I = 0.100 M KNO3. T = 25.0°C.
P147B3.

Pt #* [Cd2+]ijr-[Cd2+] [Cd2+Ia r CCd2+]

t HAI1J1 [HAlJ1 [Cd2+I

I 5.906xl0™| 88.69
2 }.858xlp"! 103.1
3 5.532x10™! 75.20
4 7.530x10"! 59.87
5 8.586x10“! 57.09
6 9.534x10"! 53.85
7 1.094x10-4 45.64
8 1.251x10-4 41.95
9 1.361xl0™4 37.30

10 1.507x10-4 35.64
11 1.663x10-4 29.49
12 1.812x10-4 25.84

^Numbers correspond to those of Table 13
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Table 25. Scatchard values for the titration of 50.00 mL 22.2 mg/L
coal humic acid HA #8- 
P153B3.

-I at pH 6.00. I = 0.100 M KNO3. T = 2 5 .0°C.

/ Pt #* [Cd2+Irjr-[Cd̂ +] [Cd2+]jr-[Cd2+]

[HA] ̂ [HA]T  [Cd2+] .

I 7.256x10-6 31.06
2 1.845x10 ^ 32.16
3 2.731x10-5 28.42
4 3.665x10-5 24.06
5 4.430x10-5 23.00
6 5.121x10-5 21,87
7 6.115x10-5 20.02
8 7.274x10-5 17.84
9 8.756x10-5 15.83

10 1.073x10-4 13.65
11 1.264x10-4 12.42
12 1.586x10-4 11.31
13 1.965x10-4 10.10
14 2.190xl0“4 7.381
15 2.482x10-4 6.617
16 3.150x10-4 5.863
17 3.597xlb"4 4.288
18 4.635x10-4 3.681

^Numbers correspond to those of Table 16.
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Table 26. Scatchard values for the titration of 50.00 mL 22.2 mg/L
coal humic acid HA #8-1 at pH 7.50. I = 0.100 M KNOv  T = 25.0°C.
P157B3.

Pt #* [Cd2+J [Cd2+] [Cd2+] [Cd2+]
[HAJ T [HA]^ [Cd2+]

I 1.521*10-5 262.4
2 . 3.650xl0""5 205.4
3 5.611x10-5 168.8
4 1.067x10-4 92.34
5 1.271x10-4 76.75
6 1.515x10-4 62.31
7 1 .845xl0“4 52.11
8 2.209x10-4 39,94
9 2.539x10-4 33.55

10 2.901x10"4 27.81
11 3.462x10-4 21.07
12 3.998x10-4 15.45
13 4.497x10-4 13.42
14 5.062x10-4 l p . 29
15 3.006x10-4 7.572
16 6.265x10-4 5.095

*Numbers correspond to those of Table 17
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Table 27. Scatchard values for the titration of 50.00 mL 22.2 mg/L
coal humic acid HA #8-1 at pH 5.50. I = 0.100 M KNO1. T = 25.00C.
P161B3.

Pt #* [Cd2+IaT-[Cd2+] rcd2+]T-rcd2+]
[HAlj1 [ HAlj, [Cd2+]

I -2 .497x10-6 -9 .8 8 3
2 3.586x10-% .9289
3 2 .7 7 9 x l0 -f 5.259
4 5.028x10-6 7.458
5 6.635x10-6 7.960
6 9.845x10-6 8.561
7 1.293x10-6 8.811
8 1.519x10-6 8.441
9 1.778x10-6 8.379

10 2.028x10-6 8.296
11 2.387x10-6 8.151
12 2.645x10-6 7.719
13 3.031x10-6 7.444
14 3.274x10-6 6.658
15 3.935x10-6 6.032
16 5.516x10-6 6.177
17 5.352x10-6 4.589
18 6.611x10-6 4.408
19 6.924x10-6 3.142
20 1.006x10-4 3.155
21 1.218x10-; 3.042
22 1.066x10-4 1.871
23 7.970x10-6 .8939
24 -1.124x 10“4 -.8 2 5 2

*Numbers correspond to those of Table 18



Cd BOUND/HA TOT x E -0 4
Figure 16. Scatchard plot of the titration of 50.00 mL 21.0 mg/L coal humic acid HA
#8-1 at pH 7.00. I = 0.100 M KNO3. T = 25.0°C. P137B3. Points 1-23.
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Figure 17. Scatchard plot of the titration of 50.00 itiL 22.2 mg/L coal humic acid HA
#8-1 at pH 7.00. I = 0.100 M KNO3. T = 25.0°C. P147B3. Points 1-12.
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CD BOUND/HA TOT x E -05

Figure 18. Scatchard plot of the titration of 50.00 mL 22.2 mg/L coal humic acid HA

4 6 9

#8-1 at pH 6.00. I = 0.100 M KNO3. T = 25.0°C. P153B3. Points 1-18.
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Figure 19. Scatchard plot of the titration of 50.00 mL 22.2 mg/L coal humic acid HA
#8-1 at pH 7.50. I = 0.100 M KNO3. T = 25.0°C. P157B3. Points 1-16.
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CD BOUND/HA TOT xE-05

Figure 20. Scatchard plot of the titration of 50.00 mL 22.2 mg/L coal humic acid HA
#8-1 at pH 5.50. I = 0.100 M KNO3. T = 25.0°C. P161B3. Points 2-21.

117



118

For both Hughes-Klotz and Scatchard type plots, the points 
corresponding to low [M11+It  and [M11+] values are necessary for the 
determination of M^ and 6 When inspecting plots it should be noted 
that low [Mn+] values correspond to high values on the x-axis, IZfM11+], 

of Hughes-Klotz plots and to low values on the x-axis, ([M11+It- 
[Mn+])/[HAl̂ i, of Scatchard plots. A possible problem in using low 
[Mn+] data is that ion-selective electrodes tend to exhibit non-linear 
response at low concentrations (124-126). For Hughes-Klotz plots it 
was found to be difficult to detect non-linearity at low [Mn+] values 
because of the tendency of the Hughes-Klotz procedure to spread points 

at low [Mn+h

Alternatively, nonr-colinear low [M11+] points appeared to be fairly 

easy to detect in Scatchard plots of the data, as is evident in Figure 
20, which shows a physically impossible positive slope for the lowest 
ICd^+] points. The positive slope was probably caused by a systematic 
error (cf. Table 18 comparing [Cd^+W .  in either case, the deviation 
is not significant for subsequent points which, although noisy, clearly 

follow a linear trend, as would be expected from the m «  I values 

found from previous calculations. The experiments at higher pH values 

show one or no anomalous points in the low [M]T region. When points 
implying positive slopes did occur, they were not used for subsequent . 
calculations. Using a reiterative procedure similar to that used for
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Hughes-Klotz representations, points for the Scatchard plots which did 
not imply a positive slope, and for which m was less than one, were 
used to determine the slope and intercept for a linear least squares 
fit. The slopes and intercepts were then used to calculate and 

for each experiment. Bj and were calculated for each experiment 
using the equations
(122) (3* = -slope 

and
(123) M 1 = B?Z y-interceptw I
The slopes and intercepts and various statistical values were
calculated using conventional equations (133). The results are
tabulate^ in Table 28 and may be compared to results Hughes-Klotz
plots, which are listed in Table 22..

A comparison summary is given in Table 29. It is seen that
derived from Hughes-Klotz plots shows greater variation between
different pH values, and in the case of the pH 5.50 experiment, a much

larger standard deviation than the values calculated from the
Scatchard plots. The average from the Scatchard plots and the.
derived from multiple line regression of the Hughes-Klotz data are very

*similar and differ by less than 2%. Bj values derived from Hughes- 
Klotz plots differ significantly from the Scatchard values.



Table 28. W f and B1 and least squares parameters calculated from Scatchard plots of 
HA #8-1 Cdz+ complexation. I = 0.100 M KtTOh. T = 25°C.

pH 7.00 pH 7.00
P137B3 P147B3

slope* -9.734xlQ5
(±1.319xl05)

-7.618x10
(±2.017xl03

y-intercept* 151.08
(±8.90)

117.28
(±.11)

overall ESD 8.79 .08
corr. coeff. -.9909 -.9999
agree fact. 4.87% .05%
pts. 1-3 2-4

6I * 9.734xlQ5
(±!.319xl05)

7 i 615x10' 
(±2.017xl0d:

6443
(±952)

6496
(±18)

pH 6.00 
P153B

pH 7.50 
P157B3

pH 5.50 
P161B3

-2.521X105
(±2.800xl04)

-1.803xlQ6
(±1.784xl05)

-7.431xlQ4
(±7.148xl03)

35.14 278.94 9.520
(±1.34) (±11.31) (±.337)
1.30 12.09 .6568
-.9705 -.9704 -.9487
4.51% 4.44% 8.93%
2-8 1-4 7-20

2.521xlQ5
(±2.800xl04)

I.803x10® 
(±1.784xl05)

7.43IxlQ4 
(±4.148xl03)

7173 6442 7806(±842) (±698) (±800)
Quantities in parentheses are standard deviations

OZT



Table 29. 
#8-1. I =

Comparison of M 
0.100 M KNO3.

UL and 6t values delved from Hughes-Klotz and Scatchard graphs. HA 
T = 25.00C.*

• ' 4

Hughes-Klotz Scatchard Hughes-Klotz Scatchard
Ccnbined

Hughes-Klotz

5.50 4061 (+5829) 7805 (+800) 3.757xlQ4
(±5.405xl04)

7.43IxlQ4 
(±.715xl04)

6.46IxlO4

6.00 5837 (±83) 7173 (+842) 1.814xlp5
(±.028xl0b)

2.521xlQ5
(±.280x103)

2.260xl05
H
y

7.00** 6274 (+208) 6496 (±L8) 7.321xlQ5
(+.243x103)

7.618xlQ5
(±.020x103)

7.997X105

7.50 7314 (+691) 6442 (+698) 2.148x1Q6 
(±.208x10°)

1.803xlQ6
(±.178x10°)

I.96OxlO6

combined 
or average 6758 6872

*Figures in parentheses are standard deviations.
**P147B3 only.
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particularly at pH 5.50, however, the Hughes-Klotz values derived from 
multiple line regression show close agreement with the Scatchard 
values. It appears that in this case at least, that Hughes-Klotz and 
Scatchard plots led to a slightly different selection of data points, 
however, the multiple line regression of Hughes-Klotz data and the 
Scatchard data resulted in closely comparable values.

It should be remembered that Hughes-Klotz and Scatchard graphs are 
not mathematically independent; they are merely different graphical 
representations of the same data, although the Scatchard plots 
apparently have the advantage of more clearly showing deviations from 

linearity. Hughes-Klotz plots, however, lend themselves easily to
multiple line regression analysis, resulting in combined values for

*
and Sp. Given the same points, with no experimental noise, either the 
Scatchard or the Hughes-Klotz plots should give the same and 
values. Where experimental noise or graphical non-linearity is 
present, the different procedures may lead to use of different data 
points and hence to different calculated results.

Where,data at several pH values is available, the best procedure 
is to initially select data points using Scatchard plots followed by 

Hughes-Klotz multiple line regression analysis of the data in order to 

obtain self-consistent values of and for all the experiments. 
Where data at one pH only is available, the procedure using Scatchard
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plots should give more reliable results for and gj.
The foregoing approaches attempt to resolve only the

*determination of and Bj f°r humic substances® Since humic materials 
are most likely large molecules with multiple binding sites, as 
previous discussion suggests, much of the metal ion binding by humic 
substances may also be due to higher metal-ligand stoichiometries. The 
degree of metal ion binding at higher stoichiometries can be 
quantitatively described by the subsequent overall conditional 
stability constants, Bg? etc. Because of the possiblity of closely 
spaced values, these values cannot be resolved graphically from 
Scatchard or Hughes-Klotz plots, however, Gans and Vacca (136,137) 

have published a computer program which is adaptable to this purpose. 
The program was originally published as MINIQUAD (136) and later in 

modified form as MINIQUAD75 (137). MINIQUAD75 was used for the work 

described here. The purpose of MINIQUAD and MINIQUAD75 was to permit 

the calculation, from potentiometric titration data, of stability 
constants of the form

(124) 6Iki
wA liI1
[M] j [L] [H]1

where j, k, and I are integral stoichiometric coefficients of positive, 
negative, or zero value. Hydroxy complexes may be represented by 

negative values for I. Both versions of the program attempt to
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reiteratively solve for a set of unknown 3 values by using estimated
values of the 38s and any free concentrations which may be known, to
calculate a total (analytical) concentration for each reactant M, L and
He The total concentrations calculated from the estimated 0's are
compared to the known total concentrations and the differences summed
for all titration points=, The estimated values of the B's are varied

systematically and if and when the total summed concentration
difference is reduced to an acceptable value, the 0ss are considered
resolved=, Any known B's may be input as constants (136),

The m values from the HA #8-1 experiments (Tables 14, 15, 19-21)

indicated that MjL complexes of higher stoichiometries were formed and
MINIQUAD75 was used to attempt to resolve B's for these higher
stoichiometry complexes. The titration data input into MINIQUAD75 were

the analytical concentrations of metal and ligand, the free

concentrations of metal determined by ion selective electrode, the

expected stoichiometries of the complexes, initial guesses for unknown
B's, the known value for b|, and, implicitly, the value for M^5, which
was used to calculate concentrations of HA, Since the Hughes-Klotz,

optimized Hughes-Klotz, and Scatchard approaches gave slightly
*different values for M^ and B£ in most cases, MINIQUAD75 was fun using 

each of the three different sets of results for each of the HA #8-1 
experiments. The range of stoichiometries assumed possible was
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dictated by the range of m values of Tables 14, 15, 19-21. Initially, 
simultaneous solution of 3's for the full range of possible 
stoichiometries (e.g., Bj-B 5 for the pH 7.50 experiment if = 6758) 
was attempted using all the data points not previously rejected. It 
was found that MINIQUAD75 did not reliably simultaneously converge for 
more than two or three unknown B's. Where simultaneous solution could 
not be achieved the B's were solved sequentially one at a time so that, 

for example, Bg solved in one run was. input as a constant in the next 
run, which solved for B 3» At each step only the data points with m 
values appropriate to the being sought were used, so that if B3 were 
being solved only data for which 0 <L m 3 were used. This approach 
generally converged successfully and the results are listed in Table 

30.
In some cases both simultaneous and stepwise convergence were 

attempted to see if the method of convergence affected the results. 
When this was done with the pH 6.00 data, using the optimized Hughes- 

Klotz of 6758, differences in B* values of less than .03 log units 

were generally found; however, a larger difference of .6 log units 
occurred for the Bg values and B4 did not converge using the 
simultaneous convergence approach. The relatively large differences in 

the log Bg values may have been caused by the failure of the B 4 value 
to converge when simultaneous convergence was attempted.



Table 30. Summary of MINIQUftD Calculations for Hft #8-1,

£« %  a) log B1* log B2* log B3* log 6 4* log V
Method of 
Convergence

5837 HK 5.232(±.028) 9.191 (±.116) 13.675(±.053> — — simultaneous

6.00 6758 ovHK
5.344 (±.034) 9.289<±.211) 14.089 (±.067) — — simultaneous

5.354 9.871(±.066) 13.913 (±.112) 17.673 (±.190) — stepwise
7173 Sc 5.402 9.986 (±.076) 14.101 (±.122) 17.920(±.202) — stepwise

5.777 (±.104) 10.586 (±.019) — — — simultaneous
6274 HK

5.865 10.530(±.046 — — — stepwise

7.00
P137B3

5.810(±.015) 10.743 (±.016) — — — simultaneous

5.903 10.710(±.039) — — — stepwise

6496 Sc
5.793 (±.014) 10.660 (±.018) — — — simultaneous

5.882 10.617 (±.042) — — — stepwise
6274 HK 5.865b' 10.952 (±.103) 15.630 (±.176) 20.266 (±.156) 24.431(±.244) stepwise

7.00
P137B3

6758 OvHKcl 5.903b) 11.106 (±.113) 15.849 (±.193) 20.570(±.181) 24.835 (±.258) stepwise

6443 SCdl 5.988 n.079(±.156) 15.889 (±.177) 20.509 (±.165) 25.037 (±.181) stepwise
7314 HK 6.332 11.737 (±.117) 16.512 (±.159) 21.504 (±.020) 25.898 (±.008) stepwise

7.50 6758 ovHK 6.292 11.560(±.103) 16.233 (±.142) 21.173 (±.257) 25.395 (±.437) stepwise
6442 Sc 6.256 11.446 (±.096) 16.059(±.134) 20.971(±.332) 25.065 (±.515) stepwise

a^HK - Hughes-Klotz, wHK - optimized Hughee-Klotz, Sc - Scatchard 

calculated from P147B3 data

clIog B6* - 29.134(±.253), log B7* - 33.189(±.365), log Sg* - 37.238(±.426), log Sg* - 41.324<±.384> 

ltiIog Se* - 28.729(±.005), log 87* - 33.391 (±.241), log B8* - 37.576(±.230>, log Sg* - 41.369(±.246)
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Simultaneous and stepwise convergence for the pH 7.00 (P147B3) 
data, which contained only relatively low ECd^+] values, was also 
compared and good agreement was found between the two convergence 
procedures, as can be seen from Table 30.

In each case where simultaneous convergence was attempted, all the 
3*'s, including Bj, were input into MINIQUAD75 as variables, whereas 

usually, when stepwise convergence was attempted, the value 
determined graphically was input as a constant and only the higher 8*8s 
were refined, Although stepwise convergence involving input of 8 £ as a 
variable was not reported in Table 30, several successful runs were 

accomplished and only small differences in log values were found 
using the different convergence procedures. Preference was given to 
graphically determined Bj values because the values were graphically 
derived and because the optimized Hughes-Klotz value, considered to 
be the most reliable, was graphically determined.

8* values were also refined at each pH using each of the three 
different values derived from the Hughes-Klotz, optimized Hughes- 
Klotz, and Scatchard procedures. It is seen from Table 30 that even 

the relatively large variation in at pH 6.00 led to fairly small 
differences in the 8* values.

Metal-HA stoichiometries up to 9:1 were calculated at pH 7.00, and 

the 8*'s are reported in Table 30, however, b *'s above $5 may be
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unreliable because of the small number of data points available at 
higher stoichiometries and because of the tendency of [Mn+]T and [Mn^l 

to merge to the same value at high metal concentrations*

No 3*"s above ^  were calculated at pH 5*50 because no data at 
higher stoichiometries were available.

It should be noted that it is not absolutely necessary to know 

molecular weights in order to calculate conditional stability constants 

since concentrations can be expressed in units of g/L and the molecular 
weight (s) then implicitly included in the stability constants.

However, in order to facilitate comparison with stability constants 

determined by other workers, molecular weights were calculated and 

concentrations were expressed in units of moles/liter. In either case, 

the My values determined are effective complexometric molecular weights 

and they represent an average of the range of molecular weights known 

to be present in humic substances.

A measure of the consistency of the calculated M^ and 3*’s with 

the original experimental data can be found by comparing the free metal 

concentrations measured experimentally to the free metal concentrations 

calculated from refined 3*’s and total concentrations. This was done 

for each pH using the 6*'s calculated assuming = 6758, the optimized
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value. The calculated free metal concentrations were taken from 
. independent runs of MXNIQUAD75 which can be used in a simpler mode to 

calculate species distribution at each data point? given a set of "s 

and total concentrations. The correctness of the calculated free metal 

concentrations was checked using program COMICS, which uses a different 
minimization algorithm (138),

The experimental free metal concentrations and the calculated free 

metal concentrations were in close agreement as can be seen from Tables 
31-33 and Figure 21. Table 31 shows only the logarithmic values of 

Cd^+ concentrations, however. Table 32 gives the results of statistical 

correlation between experimental and predicted concentrations at each 

pH and for the combined results, As seen in the table, the correlation 

coefficients are near I, the agreement factors near zero, the slopes 

near 1.00, and intercepts hear zero, indicating excellent agreement 

between experimental and calculated values. Because the electrode 

response was proportional to the log of concentration and because 

statistics on direct concentrations are strongly biased toward higher 
concentrations, the statistical calculations were also done on the log 

of concentrations, as shown in Table 33. Again, the correlation 

coefficients, agreement factors, slopes, and intercepts indicate 

excellent agreement between experimental and predicted values.
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Table 31. Experimental and calculated concentrations of Cd^+ for HA
#8-1 based on = 6758.

exp
-IcgtCd2+]

calc
-IogtCd2+]

exp
-IogtCd2+I

calc
-IogtCd2+]

exp
-IOgtCd2+]

calc
-IogtCd2+]

pH 5.50
5.104 5.124 4.202 4.216
4.993 5.008 4.156 4.161

5.834 5.833 4.853 4.860 4.082 4.080
5.745 5.745 4.711 4.712 4.016 4.011
5.673 5.674 4.528 4.535 3.959 3.955
5.612 5.613 4.426 4.431 3.912 3.903
5.533 5.533 4.270 4.270
5.465 5.465 4.076 4.007 pH 7.50
5.390 5.390 3.900 3.896
5.308 5.308 7.237 7.237
5.186 5.186 pH 7 OO 6.750 6=799
5.049 5.049 6.478 6.542
4.933 4.932 7.359 7.240 5.937 6.033
4.824 4.824 6.160 6.177 5.781 5.863
4.657 4.658 5.757 5.812 5.614 5.684
4.497 4.496 5.541 5.590 5.451 5.496
4.398 4.398 5.258 5.307 5.257 5 J  02

-------- ;— 5.051 5.126 5.121 5.163
pH 6.00 4.958 4.996 4.982 5.025

4.818 4.848 4.784 4.830
6.241 6.237 4.712 4.735 4.587 4.627
6.017 6.002 4.625 4.644 4.475 4.504
5.817 5.836 4.548 4.567 4.380 4.327
5.715 5.733 4.489 4.503 4.101 4.106
5.630 5.650 4.429 4.446 3.910 3.914
5.515 5.536 4.382 4.397
5.390 5.412 4.315 4.324
5.257 5.279 4.252 4.263



for HA #8-1,Table 32. Least Squares Data of ICd2Iexp vs ICd2+Icalc

5.50 6.00
FA
7.00(P137B3) 7.50 Combined

slope* 1.001(±.001) 1.007 (±.002) 1.016 (±.005) .996 (±.013) 1.006 (±.004)

intercept* -2.86(±S.69)xl0_9 -2.62(±.85)xl0~7 -1.16 (±.281x10-6 -3.55(±5.30)xl0“7 -4.21(±1.54)xlO"7

ESD 2.47xl0~7 2.86X10-7 8.97xl0“7 1.77x10-6 l.OlSxKT6

Coer, ooeff. 99.99% 99.99% 99.97% 99.88» 99.95»

agree, fact. .15% .65% 1.59% 4.17% 2.40%

•Figures in parentheses are estimated standard deviations.



Table 33. Least Squares Data for -log [Cd2+ Iexp vs -log ICd2+Icalc for HA #8-1,

5.50 6.00
I*

7.00(P137B3) 7.50 Ccnbined

elope* 1.000(±.001) 1.006 (±.003) .989 (±.009) 1.015 (±.009) 1.004(±.005)

intercept* -.001 (±.002) -.022 (±.016) .069(±.046) -.043 (±.049) -.002(±.024)

EED .001 .009 .036 .034 .030

Corr. coeff. 99.99» 99.99» 99.91» 99.94» 99.93»

Agree, fact. .01% .16% .71» .59» .57»

•Figures in parentheses are estimated standard deviations.
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Figure 21. Plot of -log [CcP+] vs -log [CcP+] e for HA #8-1 
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Data points previously rejected were not used in the statistical 

calculations* Figure 21 is a plot of the log concentration data of 
Table 31*

Because the coal humic acid used was uniquely available for this 
research? four other humic substances? three of which were widely 
available? were used for comparison of experimental results. The 
humic acids labeled "K + K HA" and "Aldrich HA" were obtained from 

commercial sources and were purified and characterized as previously 
described. The fulvic acid labeled "Contech FA" was a low ash? well 

characterized fulvic acid obtained from a commercial source? as 
previously discussed.

Solutions of these humic materials were titrated? and the data 

treated? in a way similar to that for the coal humic acid except that 
the solutions were titrated only at pH 6.00, The experimental results 

are listed in Tables 34-37. Although Hughes-Klotz parameters were 

calculated and graphed? only the Scatchard parameters are shown. The 
Scatchard plots are shown in Figures 22-25. Hughes-Klotz treatment of 

the data gave results similar to those shown.
Some data points were rejected by the same criteria used for coal 

humic acid, Le.? convex-up curvature of Scatchard type plots, negative 
a yalues, or decreasing a values. For the fulvic acids the total 

acidity was estimated in order to calculate relative a values. An



Table 34. Titration of 50.00 mL 20.16 mg/L Aldrich HA at pH 6.00. I = 0.100 M KNO3.
T = 25.00C. P45B4.

Pt-
No.

mL* IO-4M 
Cd(NO3)2 e&¥ [Cd2*]

(M)
ICd2+],
(M)

IBM I, 
(mg/L)

[Cd2+Ir ICd2*]

[Htij.

[Cd2+Ir ICd2*]

IHM^ICd2*] (%)

i .100 279.8 1.452 x IO-Z 1.954 x 10"Z 20.04 2.505 x 10"* 17.25 .07
2 .200 275.3 2.066 x IO-Z 3.901 x 10"Z 20.00 9.172 x 10"* 44.39 .25
3 .500 264.5 4.817 x IO-Z 9.695 x 10"Z 19.89 2.453 x 10"= 50.92 .66
4 .800 257.8 8.144 x IO-2 1.542 x 10"* 19.77 3.681 x 10"= 45.20 .99
5 1.200 252.0 1.283 x 10-= 2.295 x 10"* 19.62 5.160 x KT= 40.22 1.39
6 1.500 248.9 1.636 x IO-* 2.854 x 10"* 19.50 6.248 x 10"= 38.19 1.69
7 1.800 246.2 2.021 x 10-* 3.405 x 10"* 19.39 7.136 x 10"= 35.30 1.93
8 2.300 242.7 2.659 x 10-* 4.309 x 10"* 19.21 8.590 x 10"= 32.30 2.32
9 3.000 238.8 3.610 x 10-* 5.546 x 10"j 18.96 1.022 x 10"4 28.30 2.76
10 4.000 234.8 4.939 x IO-* 7.259 x 10"* 18.61 1.247 x IO"4 25.24 3.37
11 .150** 230.3 7.028 x 10-* 9.961 x 10"* 18.56 1.581 x K T 4 22.49 4.27
12 .300** 226.9 9.174 x 10"! 1.263 x 10"= 18.50 1.868 x IO"4 20.37 5.05
13 .500** 223.4 1.207 x 10"= 1.618 x 10"= 18.44 2.230 x IO"4 18.48 6.03
14 .900** 218.2 1.814 x 10"= 2.320 x 10"= 18.30 2.764 x IO"4 15.24 7.47
15 1.500** 213.0 2.727 x IO"= 3.356 x 10"= 18.11 3.476 x IO"4 12.75 9.39
16 2.000** 209.9 3.477 x 10"= 4.201 x 10"= 17.95 4.037 x IO"4 11.61 10.91
17 3.000** 205.3 4.986 x 10"= 5.848 x 10"= 17.63 4.887 x 10"4 9.801 13.21
18 5.000** 199.4 7.917 x 10"= 8.976 x 10"= 17.04 6.214 x IO"4 7.848 16.79
19 8.000** 194.1 1.199 x IO"4 1.329 x 10"4 16.22 7.993 x 10"4 6.664 21.60

•Syringe volumes to be multiplied by calibration factor .9903.

•*10'3M Cd(NO3)2

Linear least squares electrode calibration data: slope « -29.38 rav/decade intercept - 78.90 mv
slope ES) - 0.07 rav/decade intercept ESD « 0.32 nv
overall ESD ■ 0.06 nv
correlation coefficient ■ 99.99% agreement factor - 0.03%
concentration range - pCd 4.05 to pCd 5.53
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Table 35. Titration of 50.00 mL 20.10 mg/L K+K HA at pH 6.00. I = 0.100 M KNOg. T -
25.00C. P51B4.

PU
No.

mL* IO-4M
Cd(NO3)2

[Cd2*]
(M)

(Cd2+)-
(M)

[HAJJr
(mg/L)

(Cd2+It-ICd2+)

(HU*

(Cd2+It-ICd2+)

(BM^tCd2+)
a
(«)

I .100 276.0 1.954 x lO-’ 1.954 x IO-Z 20.04 7.269 x IO-M .004 .00
2 .200 273.3 2.417 x 10-' 3.900 x IO-Z 20.00 7.416 x IO-! 30.68 .20
3 .500 263.6 5.191 x IO-' 9.693 x IO-Z 19.88 2.264 x 10-! 43.62 .61
4 .800 257.5 8.395 x IO-I 1.542 x 10-! 19.77 3.553 x 10-! 42.32 .96
5 1.200 251.6 1.336 x IO-4 2.295 x 10-! 19.61 4.886 x IO-! 36.56 1.32
6 1.500 248.7 1.680 x IO-! 2.854 x 10-! 19.50 6.022 x 10-! 35.85 1.63
7 1.800 246.2 2.045 x 10-! 3.405 x 10-! 19.39 7.011 x 10-! 34.28 1.89
8 2.300 242.5 2.738 x 10-! 4.308 x 10-! 19.20 8.179 x 10-! 29.88 2.21
9 3.000 238.7 3.693 x 10-! 5.545 x IO-! 18.95 9.773 x 10-! 26.46 2.64
10 4.000 234.6 5.102 X 10-! 7.258 x IO-! 18.60 1.159 I IO-4 22.71 3.13
11 .150** 230.0 7.331 X 10-! 9.960 x 10-! 18.55 1.417 x IO-4 19.33 3.83
12 .300** 226.6 9.583 x 10-! 1.263 x 10"! 18.50 1.647 x IO-4 17.18 4.45
13 .500** 223.0 1.273 x IO-! 1.618 x IO-! 18.43 1.873 x 10-4 14.71 5.06
14 .900** 217.8 1.917 x 10-! 2.320 x 10-! 18.30 2.201 x IO-4 11.48 5.95
15 1.500** 212.7 2.866 x IO-! 3.356 x 10-! 18.11 2.709 x 10-4 9.452 7.32
16 2.000** 209.5 3.688 x IO-! 4.201 x 10-! 17.95 2.863 x IO-4 7.763 7.74
17 3.000** 204.9 5.299 x 10-! 5.847 x 10"! 17.63 3.112 x 10-4 5.873 8.41
18 5.000** 199.0 8.435 x 10-! 8.975 x 10"! 17.04 3.171 x 10-4 3.759 8.57
19 8.000** 193.7 1.281 x 10-4 1.329 x 10-4 16.22 2.971 x 10-4 2.320 8.03

•Syringe volumes to be multiplied by calibration factor .9903

**10_3M Cd(NO3 )2

Linear least squares electrode calibration data: slope = -29.22 iw/decade intercept * 79.96 mv
slope ESD = 0.05 mv/decade intercept * 0.24 mv
overall BSD * 0.04
correlation coefficient « 99.99% agreement factor * 0.02%
concentration range - pCd 4.05 to pCd 5.01



Table 36. Titration of 50.00 mL 20.44 mg/L PC FA at pH 6.00. I = 0.100 M KNO3- T =
25.0°C. P35B4.

Pt.
No.

mL* IO-4M 
Cd(NO3)2 %% ICd2+;

(M)
(Cd2*),
(M)

IHMJ-
(mg/D

(Cd2+It-(Cd2*! 

(BMj,

(Cd2+It-ICd2+)

(BMj1(Cd2+)
Zt
(%)

i .200 264.2 3.745 x IO-Z 3.899 x IO-2 20.33 7.580 x IO-Z 2.024 .02
2 .500 256.7 6.767 x IO-Z 9.690 x IO-Z 20.21 1.446 x 10-| 21.37 .29
3 .800 252.1 9.728 x IO-Z 1.541 x IO-* 20.10 2.830 x 10-| 29.09 .57
4 1.200 247.5 1.398 x IO-* 2.294 x 10-* 19.94 4.493 x 10-| 32.13 .90
5 1.500 244.9 1.717 x IO-* 2.853 x 10"* 19.82 5.733 x 10-| 33.39 1.15
6 1.800 242.7 2.042 x 10-* 3.404 x 10"* 19.71 6.909 x 10-| 33.83 1.38
7 2.300 239.7 2.587 x 10-* 4.307 x 10-* 19.52 8.811 x 10'| 34.06 1.76
8 3.000 236.4 3.356 x 10-* 5.544 x 10"* 19.27 1.135 x IO-4 33.83 2.27
9 4.000 232.7 4.494 x 10-* 7.256 x 10-* 18.91 1.460 x IO-4 32.50 2.92
10 .150*** 228.6 6.210 x 10"* 9.958 x 10-* 18.86 1.987 x 10-4 32.00 3.97
11 .300*** 225.4 7.993 x 10-® 1.263 x 10-| 18.81 2.463 x IO-4 30.82 4.93
12 .500*** 222.1 1.037 x 10-* 1.617 x 10-| 18.74 3.097 x IO-4 29.87 6.19
13 .900*** 217.3 1.514 x 10-| 2.319 x 10-| 18.61 4.327 x 10-4 28.58 8.65
14 1.500*** 212.3 2.246 x 10"| 3.355 x 10-| 18.41 6.024 x 10-4 26.82 12.05
15 2.000*** 209.2 2.869 x 10-| 4.200 x 10-| 18.24 7.298 x IO-4 25.44 14.60
16 3.000*** 204.8 4.059 x 10"| 5.846 x 10-| 17.93 9.968 x 10-4 24.56 19.94
17 5.000*** 199.0 6.414 x IOT5 8.973 x IO-5 17.32 1.477 x IO-3 23.03 29.55
18 8.000*** 193.8 9.666X IO-5 1.329 x 10-4 16.49 2.195 x IO-3 22.71 43.91

•Syringe volunes to be multiplied by calibration factor .9903
W-J

••Calculated by estimating total acidity to be 10.0 meq/g 
***10~3 M Cd(NO3 )2

intercept ■ 76.61 mv 
intercept ESD ■ 0.66 mv

agreement factor - 0.05% 
4.05 to pCd 5.01

Linear least squares electrode calibration data: slope = -29.19 mv/decade
slope ESD = 0.15 mv/decade
overall ESD = 0.12 iw
correlation coefficient * 99.99%
calibration concentration range - pCd



Table 37. Titration of 50.00 mL 22.20 mg/L Contech FA at pH 6.00. I = 0.100 M KNO3.
T = 25.0°C. P77B4.

Pt.
No.

mL* IO-4N 
Cd(NO3)2 % ¥ [Cd2+I

(M)
ICd2+IT 
(M)

ImiL
(mg/L)

ICd2+It-(Cd2+)

law*

(Cd2+It-ICd2+)

(HWj1(Cd2+) (%)

i .200 271.4 2.281 x IO-2 3.965 x IO-2 22.04 7.638 x IO-! 33.49 .15
2 .500 261.6 4.980 x IO-' 9.851 x IO-Z 21.91 2.223 x 10-* 44.54 .44
3 .800 255.2 8.292 x IO-Z 1.567 x IC-! 21.78 3.386 x 10-* 40.83 .68
4 1.200 249.5 1.306 x IO-* 2.331 x 10-® 21.60 4.744 x IO-! 36.33 .95
5 1.500 246.2 1.699 x 10-* 2.896 x 10-* 21.47 5.576 x 10-* 32.83 1.12
6 1.800 243.7 2.073 x 10-* 3.455 x 10-* 21.34 6.473 x IC-* 31.23 1.29
7 2.300 240.1 2.762 x Kfi 4.372 x 10-* 21.14 7.617 x IO-* 27.58 1.52
8 3.000 236.2 3.768 x 10-* 5.627 x IO-* 20.86 8.910 x 10-* 23.65 1.78
9 4.000 232.1 5.224 x IO-* 7.363 x IO-* 20.47 1.045 x IO-4 20.00 2.09
10 .150*“ 227.3 7.657 x 10-® 1.009 x 10-* 20.41 1.194 x IO-4 15.59 2.39
11 .300*** 223.9 1.004 x IO-* 1.281 x IO-* 20.35 1.362 x IO-4 13.56 2.72
12 .500*** 220.2 1.348 x IO-* 1.641 x IO-* 20.27 1.443 x IO-4 10.70 2.89
13 .900*** 215.0 2.040 x 10-* 2.352 x 10-* 20.12 1.551 x 10-4 7.603 3.10
14 1.500*** 209.7 3.112 x 10-* 3.401 x IO-* 19.91 1.450 x IO-4 4.660 2.90
15 2.000*** 206.4 4.048 x IO-* 4.258 x 10-* 19.73 1.063 x IO-4 2.626 2.13
16 3.000*** 201.8 5.840 x IO-* 5.926 x 10"* 19.38 4.397 x 10-* .7529 .88
17 5.000*** 195.8 9.420 x 10"* 9.093 x 10-* 18.73 -1.747 x IO-4 -1.854 -3.49
18 8.000*** 190.4 1.448 x IO-4 1.346 x 10-4 17.82 -5.736 x 10-4 -3.960 -11.47

wSyringe volunes to be multiplied by calibration factor .9994

♦♦Calculated by estimating total acidity to be 10.0 meg/g 

***10~3 M Cd(ND3)2

Linear least squares electrode calibration data: slope = 28.90 nv/decade 
slope ESD = .06 mv/decade 
overall ESD = .07 mv 
correlation coefficient « 99.99% 
calibration concentration range •

intercept * 79.45 mv 
intercept ESD - .26 mv 
agreement factor .03%

pCd 4.01 to pCd 5.53.
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Figure 22. Scatchard plot for the titration of 20.16 mg/L Aldrich HA with Cd^+
6.00. I = 0.100 M KNO3. T = 25.0°C. P45B4.
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Figure 23. Scatchard plot for the titration of 20.10 mg/L K + K HA with Cd2+ at pH
6.00. I = 0.100 M KNO3. T = 25°C. P51B4.
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Figure 25. Scatchard plot for the titration of 22.20 mg/L Contech FA with Cd 
6.00. I = 0.100 M KNO-i. T = 25.0°C. P77B4.

at pH

142



143

incorrect total acidity alone could not produce negative a values.
Table 38 shows the and 8j. values calculated from the Scatchafd 

plots. The humic acids were found to have similar values which were 
about 20% lower than for the coal humic acid. 6 j values for the 

commercial humic acids were in close agreement with Sj at pH 6.00 for 
the coal humic acid. The fulvic acid labeled "PC FA" was found to have 

an My of 571, which is about 50% of the vapor pressure osmometry number 
average molecular weight of an unfractionated fulvic acid reported by 
Hansen and Schnitzer (139). Hansen and Schnitzer reported that their 

fulvic acid appeared to consist of two fractions which had average 

molecular weights of approximately 350 and 1000.

The fulvic acid labeled "Contech FA", which was similar or 
identical to Hansen and Schnitzer8s fulvic acid (139), was found to 

have a M^ value of 6103, which is several times larger than the value 

of -1000, determined by vapor pressure osmometry, reported in the 

literature (9). Because determination of molecular weight by vapor 

pressure osmometry involves the measurement of a colligative property, 
ionization of acid groups of the humic substance or presence of water 
may result in low values for molecular weights, as compared to 
molecular weights calculated from complexation data. The discrepancy 
here seems excessive; however, other workers have reported disparities 

between complexometric molecular weights and molecular weights based on



Table 38. MJL and Bi and least squares parameters calculated from Scatchard plots of. Cd2+ 
ccmplexation of four humic substances at pH 6.00*. I = 0=100 M KNOg. T = 25.O0C.

Aldrich HA 
P45B4

K+K HA 
P51B4

PC PA 
P35B4

Contech PA 
P77B4 _

slope -2.805(±.175)XlO5 -2.308 (±.118)XlO5 -2.049(±.231)XlO5 -3.129(±.088)XlO5
intercept 56.06(±1.17) 49.33 (±.86) 35.89 (±.39) 51.27 (±.52)
overall -ESD 1.17 .98 .30 14

Oin

corr. coeffo -99.04 -99.22% -98.15% -99.80%

agree fact. 2.51% 2.45% .70% 1.23%
pts 3-9 3-10 7-11 2-8

Bi . 2.805(±.175)XlO5 2.308(±.118)XlO5 2.049(±.231)XlO4 3.129(±. 088)xlO5

% 5004(±330) 4679(±253) 570.9(±64.6) 6103(±182)

^Quantities in parentheses are estimated standard deviations
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colligative properties, as indicated by the following discussion=
In the first published application of Hughes-Klotz plots to metal 

ion selective electrode studies of metal binding by humic and fulvic 
acids, Buffle, Greter and Haerdi (140) examined the Pb^+ and Cu^+ 

complexation behavior of two pond waters rich in organic material and 
low in inorganic species. One pond water was observed to give a linear 
Hughes-Klotz plot for complexation with Cu^+ while the other gave 
pronounced convex-up curvature. Buffle, et al., interpreted the 
curvature as indicating the presence of metal-organic complexes of 1:2 
stoichiometry. On that basis they reasoned that extrapolation of the 

downward curved portion of the graph at high [MlT values should give a 

y-intercept corresponding to For the pond water giving a linear 
plot, they reported values of 2060 determined with Pb^+ and 1700 
determined with Cu^+. For the pond water giving non-linear response 
they reported values of 900 for Pb^+ and 1000 for Cu^+ (140). 

Extrapolation of the low [MlT portion of their non-linear Hughes-Klotz 

plot gives a value of -3500, however, their high [MlT extrapolation 
brought the complexation into close agreement with their 
determinations of molecular weight by vapor pressure osmometry. They 
subsequently interpreted all of their data assuming only the presence 
of 1:1 and 1:2 metal-organic complexes with no multiple binding of 

metal ions to the humic materials (140).

145
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Mantoura and Riley (141)? using Scatchard plots? studied Cu^+? 
Ni^+ and Zn^+ complexation of several fulvic acids using a gel 
permeation chromatographic technique and interpreted their data as 
indicating the existence of metal-organic stoichiometries up to 3.65:1. 
In addition, they found two distinctly resolvable types of binding 
sites for some of the fulvic acids, which they assumed were due to both 
phthalate and salicylate type binding sites on the fulvic acid 
molecule. However, other workers have reported marked adsorption of 
humic materials on gels at moderate pH values, suggesting that results 
of metal-humate studies based on gel permeation chromatography may be 
partly artifacts due to chemical adsorption of humic material on the 
gel (142-145).

Bresnahan, Grant and Weber, using ion-selective electrodes and 

Scatchard plots, investigated the Cu2+ complexing properties of a soil 

and a water fulvic acid. Using osmometrically determined molecular 
weights they concluded that there were two types of binding sites on 
the materials they studied? the average number of first (stronger) 

binding sites per molecule, which can be calculated from Scatchard 

plots if the molecular weight is assumed to be known, was found to be 
between 0.2 and 0.7, depending on the pH and type of fulvic acid 

studied, and the average number of the second (weaker) type of sites 

per molecule was found to be between 0.4 and 2.0. No evidence was
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found for organic-metal ratios greater than 1:1 (146).
Humic substances are very complex mixtures and? as previous 

discussion indicates? several models have been suggested to explain 
their metal binding behavior. It is likely that there are real 

differences in the metal binding behavior of humic and fulvic acids and 

there may also be significant differences in humic materials derived 
from different sources or derived by different methods (5).

For the metal binding work described here, it was hypothesized 
that metal binding by coal humic acid could be adequately described by 
(I) determining the effective molecular weight of the humic acid from 
binding data and (2) explaining progressive binding of the metal as a 

series of complexes of the form ML, M2L, M3L,'00 MnL. Metal binding 
data at different pH values indicated that a pH invariant effective 

complexometric molecular weight could be found and that pH dependent 
conditional stability constants could be calculated, Comparison of 

experimentally observed free metal concentrations and free metal 

concentrations calculated from the effective complexometric molecular 

weight and a series of stability constants describing MnL type 
complexes gave very good agreement, supporting the initial hypothesis. 

Given the complexity of the system, the agreement between the model and 
the experimental data was excellent.
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Proton Interactions

In the previously discussed work concerning metal-coal humate 
complexes, all of the metal complexation reactions were written as 
proton displacement reactions in which an unknown number of protons 
with unknown acidic ionization constants were displaced by metal ion* 
As a result, all of the metal-humate binding constants were conditional 
constants valid only at the pH at which they were determined, In order 

to address this shorteeming and to provide qualitative predictions 
concerning proton interactions, a number of humate acid-base 
experiments were conducted,

Consistent with the apparently complex structure of humic 

substances, acid-base titrations of humic materials do not show the 
easily resolved curves characteristic of many simpler compounds and a 

number of workers have noted the difficulty of obtaining equivalence 

points from potent!ometric titrations of humic materials (147-153) =
In spite of the complexity involved in a rigorous interpretation 

of acid-base data for humic materials, it is possible to draw a number 
of relatively simple conclusions from their titration curves, as the 

following discussion demonstrates.
Coal humic acid HA #8-1 was titrated with strong base. The 

results of this titration are shown in Table 39 and Figure 26. Ihe 

derivative plot for the titration is shown in Figure 27.



Table 39. Titration of 40.00 mL 2.026 g/L coal humic acid HA #8-1 with 0.09856 N NaOtL 
I = 0.100 M NaCl. T = 25.00C. P109B3.

-L NaOH PH mL NaOH PH rL NaOK PH rL NaOH PH

0.000 2.45 2.100 4.98 4.200 10.10 6.300 11.33
0.100 2.50 2.200 5.15 4.300 10.26 6.400 11.35
0.200 2.54 2.300 5.28 4.400 10.40 6.500 11.37
0.300 2.59 2.400 5.44 4.500 10.51 6.600 11.39
0.400 2.65 2.500 5.59 4.600 10.60 6.700 11.41
0.500 2.71 2.600 5.75 4.700 10.69 6.800 11.42
C .600 2.78 2.700 5.94 4.800 10.76 6.900 11.44
0.700 2.6b 2.800 6.13 4.900 10.83 7.000 11.46
0.800 2.95 2.900 6.33 5.000 10.89 7.100 11.47
0.900 3.06 3.000 6.55 5.100 10.94 7.200 11.49
1.000 3.18 3.100 6.79 5.200 10.99 7.300 11.50
I. IOC 3.32 3.200 7.09 5.300 11.03 7.400 11.51
1.200 3.47 2.300 7.41 5.400 11.07 7.500 11.53
1.300 3.64 3.400 7.75 5.500 11.11 7.600 11.54
1.400 3.81 3.550 6.12 5.600 11.15 7.700 11.55
1.500 4.00 3.600 8.49 5.700 11.18 7.800 11.56
1.600 4.16 3.700 6.83 5.800 11.21 7.900 11.56
1.700 4.34 3.800 9.15 5.900 11.23 8.000 11.59
1.800 4.51 3.900 9.44 6.000 11.26 -
1.900 4.66 4.000 9."1C 6.100 11.28
2.000 4.82 4.100 9.91 6.200 11.31
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The total acidity (the sum of carboxylic acidity and phenolic 
acidity) of the humic aicid was previously found to be 7,36 meq/g by the 
barium hydroxide method. Taking the molecular weight to be 6758, as 
previously determined, implies the presence of 49.7 acidic functional 
groups per humic acid molecule which, for the titration shown, would be 
equivalent to 6.05 mL KaOH added. This volume is indicated in both 

figures and, as can be seen from the derivative plot, there is not a 
significant derivative maximum at that volume. This observation is not 
inconsistent with the supposition that phenolic -OH groups were 

present, since equivalence points for functional groups having pKa's 

above ~9 cannot usually be discerned by aqueous potentiometric 
titrations (154). Inspection of Figure 27 does reveal, however, that 
there are two significant maxima at smaller volumes, one at 1.35 mL 
base added and the other at 3.50 mL base added, Compared to a 
titration of a pure carboxylic acid under similar conditions, e.g., 

malonic acid, the maxima of the humic acid are noisy, small and 

broadened, which may indicate a range of pKa values clustered about two 
central values. The carboxyl acidity of this coal humic acid was 

previously found, by the calcium acetate method, previously discussed, 
to be 3.87 meq/g which is equivalent to 3.18 mL KaOH added for this 
titration. While the HaOH titration indicates a somewhat larger number 

of carboxylic groups, the values are in qualitative agreement, and
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Avgushevich and Karavayev have reported low carboxyl group 
determination for some model compounds using the calcium acetete method 

(113)o Because the strong base titration is essentially independent of 
carboxylic acid strength and the presence of neighboring groups? the 
strong base titration is probably more accurate than the calcium 
acetete method. The time scale of the calcium acetate method, however, 
permits the determination of groups undergoing very slow reactions, 

which the strong base titration does not.
As an aside, taking the molecular weight of the HA to be 6758 

implies 11.1 acidic functional groups per molecule to the first 
equivalence point and 17.6 acidic functional groups per molecule from 
the first to the second equivalence point, leaving a balance of 21.0 
acidic functional groups per molecule remaining to account for all of 

the total acidity.

pKaes for humic acid may be estimated by noting the half-titration
volumes on the derivative plot (Figure 27) and referring to the

■

titration curve (Figure 26). Assuming pKa=pH at half-titration, the 
pKa s may be read directly from Figure 26, as shown. Using this very 

approximate procedure the pKa8s were found to be 2.84 for the first 
inflection point and 5.48 for the second inflection point.

Comparing these values to pKaes for pure substances. Critical 
Stability Constants (155) gives the following pKa values for various
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aromatic carboxylic acids at 25°C and 0.1 M ionic strengths benzoic 

acid, pKa = 4,00; phthalic acid, pKaj = 2.75, pKa2 = 4.93; isophthalic 
acid, pKai = 3.50, pKa2 = 4.50; salicylic acid, pKa% = 4.08, pKa2 = 
9.96; parasalicylic acid, pKal = 4.58, pKa2 = 9.46; 2,3- 
dihydr o^benz oic acid, = 433, p K ^  = 8.83; 2,4-dihydroxy benzoic
acid, PKaJ = 3.13, p K ^  = 8.60; 2,5-dihydroxybenzoic acid PKaJ = 2.70;
2,6-dihydroxybenzoic acid, pKgj = 1.08; 3-carboxysalicylic acid, pKgj = 
2.13, p K ^  = 433. This is a reasonably complete list of literature 
values for pKaes for functionalities likely to occur in 

humic materials. Some useful values, e.g., those for 2-carboxy-3- 

hydroxybenzoic acid, were not available.
Comparison of the experimental values to the available literature 

values suggests that the lower pKa for the humic acid may correspond to 
a carboxyl group ortho to a phenolic -OH, as Gamble concluded for a 

soil fulvic acid (150), or the first dissociation for a substituted or 

unsubstituted phthalic acid. The second pKa for humic acid (5.48) 

corresponds most closely to the PKa2 for phthalic or a substituted 
phthalic acid, or possibly an isolated carboxylic functionality. The 
presence of phenolic -OH is inferred from the difference between 

carboxylic and total acidity.
It is worth noting that the equivalent weight of the coal humic 

acid, calculated from the total acidity, is 135.9 g/eq, while the
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molecular weight of benzoic acid is 122 g/mole, A humic acid 
"molecule" relatively crowded with acidic functional groups is 
indicated=

From the above it seems evident that coal humic acid HA #8-1, and 
probably other humic substances, contains moieties of phthalate and 

salicylate functional groups® As will be seen, some features of the 
metal complexation data also support the conclusion that salicylate or 

mixed salicylate and phthalate functionalities are important to metal- 
coal humate complexation®

The conditional stability constant previously evaluated for coal 
humic acid has the form

(125) [MHA]
[M] IHxlHA]

where X^ is the number of protons displaced in the complexation 
reaction® 3 J was derived from B p  the stability constant for the 
complexation reaction written as a proton displacement reaction®

(126) 6i
' [MHA] {H}X- 
” [M] [HxlHA]"

MHA
fMfH HA Xl

The relationship between Bp and B^ is

(127) B1 MHA
f f•m H-„HA x2

from which it can easily be shown
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(128)
f fM H HA

log 3* = x pH + log (3 — --- )
1 MHA

If xl and HA^MHA are constant over the pH interval studied,
then a plot of log 3 j vs pH should result in a straight line. A graph 

of log 3 j vs pH for Cd-coal humate complexation is shown in Figure 28. 
A least squares line fitted to the data gave a slope of 0.703, y- 
intercept of 1.01, and a correlation coefficient of 99.2%.

At constant ionic strength the jV H xJHAẑ MHA term may be expected 
to remain constant and, barring pH induced conformational changes which 

expose or occlude metal binding sites, 3j_ should also be constant. 

Where carboxylic and phenolic functionalities are involved 3% may be 
expected to increase with increasing pH, since increased pH results in 

increased concentration of the negatively charged complexing species, 
but whether or not log 3* varies linearly with pH depends on specific 
circumstahces concerning the acidic functinal groups acting as binding 
sites, as can be illustrated by considering some model compounds.

In order to model acid-base behavior of model ligands it is 

convenient to define a function, an, as followss 

an functions for a diprotic ligand, are
(129) aQ - fraction of total concentration of ligand in H3L form

(130) a = fraction of total concentration of ligand in HL form
1 .

(131) a = fraction of total concentration of ligand in L form
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Figure 28. Plot of log B ? vs pH for Cd2+ binding by coal humic acid 
HA#8-1. I = 0.100 M KNO3. T = 25.0°C.

where an is a function of the magnitude of the acid dissociation 
constants of the ligand and the pH of the solution which may be easily 
calculated (154). ctn values at selected pH's were calculated for three 
model compounds and are listed in Table 40.

Since the carboxylate and/or phenolate anion is a stronger Lewis 

base than the protonated form, in virtually all cases metal ion 
complexation with carboxylic and phenolic binding sites may be 

considered to occur exclusively with the deprotonated form of the 
functional group, or equivalently, complexation may be regarded as a
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Table 40o a values for some model compounds=

pH
5.50 6.00 7.00 7.50

Salicylic acid

an 2.04x10-3 6.45x10-4 6.46x10-5 2.04xl0-5

01I .9980 .9994 .9999 .9999

a2 1.26x10-8 3.95xl0-8 3.98x10-7 1.26x10-5

Kithalic acid

an 3.77x10-4 4.41x10-5 4.75xl0-7 4.77x10-8

a I .212 .078 8.44x10-3 2.68x10-3

“2 .788 .922 .992 .997
2,4 ditydroxybenzoic acid

a n 4.24xl0-3 1.34x10-3 1.32x10-4 3.95x10-5

a I .995 .996 .975 .926

a 2 7.90xl0-4 2.50x 10“3 2.45x10-2 7.36x10-2
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deprotonation process (156)„
The metal complexation reaction for a divalent metal ion with a 

diprotic ligand can therefore be written as
(132) M • + L2- ML

with the associated stability constants

(133) [ML]
* [m2+] [l2~]

(134) 3 [ML]
1 [M2+]a2 [L]T

where [LlT is the total concentration of the ligand in all forms not 
bound to the metal ion® It can be shown that for diprotic ligand (154)

(135) KalKa2
2 [H+I2 + KalIH** + KalKa2

If Ka2«  [H+K ^ aJ, as is the case for salicylic acid when 5<pH<8, then 

(%2 simplifies to

(136)
2 [H+]

If a pH dependent conditional stability constant, S p  is defined

3* [ML]
[m2+] [L],

(137)
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(138) S1;- C2S1
Substitution of Equation 136 into Equation 3,38 gives

(139) 3* = Kal^1/ [H+l 
or
(140) log 3* = pH + log K^23^

*  'and log Bj is seen to vary linearly with pH under the conditions 
stated, i.e., Ka2CC (H+ ] « K al.

Under these conditions metal-sal icy late binding may be expected to 

show a linear relationship between log 3j and pH, Since PKa2 for 
phthalic acid is 4.93, phthalic acid is not expected to show a linear 

relationship between log Bj and pH, and therefore, the apparently 
linear relationship of Figure 28 argues for Cd^+ binding with a 

salicylate functionality (or other functionality which has pKa°s such 
that a linear log Sj vs pH behavior will be manifested).

There is another difficulty in the assignment of salicylate as the 
principal complexing group, however. The data of Table 40 indicates 
that from pH 5.50 to pH 7.50, salicylic acid has one proton to be 

displaced, since aj = 1.0 over the specified interval. This implies 
that x l ,  the number of displaced protons per metal ion, must be 1.00 
for salicylate functionalities, xl for Cd^+-Jiumate was found, from

which is exactly analogous to the defined for metal-humate complexa-
tion, then combining and rearranging Equations 134 and 137 yields
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For a diprotic ligand xl can be equal to 0=703 if and only if 2 a Q 
+ equals 0=703, and it thus appears that no simple argument based on 
diprotic ligands can simultaneously explain the observed X1 value and 
log 3i vs pH plot linearity.

Examination of the previously listed Ka"s shows that addition of 

3- or 4-hydroxy to salicylic acid decreases p K ^  from 13=4 to about 
8=7= If the 3- or 4-substituted hydroxy group is inactive in metal 
complexation, then, for the pH interval 5=5 to 7=5, chq remains near 
zero, as before, but ^1 is decreased slightly from 1=00= By reducing 
pKg2 the model compound is brought somewhat more, but not sufficiently, 
into agreement with experimental data=

3-carboxy sal icy lie is also a candidate model compound, however, no 

reliable value for Ka3, corresponding to the hydroxy ionization step, 

is known (155). A. fortuitous combination of Ka's for a polyfunctional 
compound could produce an xl of 0=703 for the pH range studied=

Another feature of the model compounds appears to rule out a 
simple metal-sal icy late or metal-phthalate interaction. Comparison of 
log B1 for Cd^t-humate with the log B1 values for model compounds 
listed in Table 41 indicates that at any given pH, B1 for Cd^-humate 
is several orders of magnitude larger than B1 for Cd^+ complexes of the 
model compounds, the log B1 values of the table being calculated from

Figure 28, to be 0=703, which is significantly different from 1=00.
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Table 41. Log values of model CtiL complexes at selected pH values.

5.50 6.00 7.00 7.50

Phthalic acid 2.40 2.47 2.50 2.50

Salicylic acid -2.35 -1.85 -.851 -.350

4-hydroxysalicylic acid 2.45 2.95 3.94 4.42

log gj values listed in Critical Stability Constants (155). lBie log g£ 
values for cadmium phthalate and cadmium salicylate were 2.5 and S=SS6. 

respectively (155). No cadmium complexation date for 4- 
hydroxysalicylic acid was given and log values were calculated 

assuming log S1 to be 5.55, the value for salicylic acid. It is

noteworthy that log B1, the limiting value for log B1, is, for the
*three tabulated compounds, less than the observed log B1 at pH 7.50 for 

cadmium humate. An additional substituent permitting formation of a 

tridentate complex could account for the large magnitude of the cadmium 
humate conditional stability constants (156,157). For example, the log 
B1 values for formation of 1:1 Cd^+ complexes of ethylenediamine and 
diethylenetriamine, chemically similar bi- and tridentate ammine 
complexors, are 5.69 and 8.05, respectively (158).

Addition of an active hydroxyl group to salicylic acid to form a 

tridentate complexor would produce an xl value approaching 2.0 and
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therefore appears to be precluded. Addition of a carboxy to form a 

tridentate group seems more reasonable since the carboxylic group would 
be -100% ionized over the pH interval 5=5 to 7„5 and xl should be 
unaffected. It is also possible, and in fact more likely, considering 
steric effects, that the additional substituent could be more distantly 
removed on the humic acid molecule. NOne of the model compounds 

suggested completely accounts for all of the significant features of 
the experimental data. This may be due to the chemical and structural 
complexity of humic substances, but data for a better selection of 

model compounds is also indicated and future work in this area is 

desirable.
Precipitation Studies

Several workers have observed that humic substances can be 

precipitated by addition of metal ions and that precipitated humic 
substances are capable of binding metal ions (15, 159-162). Wright and 

Schnitzer (159) found that soluble aluminum- or iron-fulvate complexes 

in soils were precipitated by traces of Ca^+ and/or Mg^. In a series 
of test tube precipitations Ong and Bisque (160) found that Ca^+ 
precipitated soil humic acids more effectively than Mg^ 0 Khan (14) 

determined the minimum amount of metal ion necessary to initiate 

precipitation of a soil humic acid at pH 6.5 by addition of metal ion 
to test tubes containing HA and allowing the solutions to stand
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overnight, He found that the order of precipitating ability was 
Al^+>Fe^+XXi^+>Zn^+>Ni^+X^o^Jr>Mn^+ (14), Guy, Chakrabarti, and Schramm 
(15) studied the sorption curves of Cu^+, Cd?+, and Zn^+ onto solid 
Aldrich humic acid (after leaching with HKDg to remove metals) and 
found that the metal sorption curves obeyed Langmuir adsorption 
isotherms. Green and Manahan (161) studied Cu^+ binding by solid coal 
humic acid at low pH's and suggested the presence of Cu^+ bridges as a 
mechanism for Cu^+ retention, Saar and Weber (162) investigated the 
solubility of Pb^+-fulvate complexes and concluded that precipitation 

was not likely to occur at Pb^+ and fulvic acid levels normally found 

in natural waters.
In order to quantify the precipitation effects of several metal 

ions on coal humic acid, a series of light scattering experiments were 

conducted. Metal displacement from metal-humate complexes during 
precipitation with a second metal ion was also studied. The humic acid 

investigated, HA #8-1, and the experimental procedures used, were 
previously described. In the light scattering experiments it was 
assumed that essentially all of the precipitated humic acid existed in 
suspension as relatively large particles and that the intensity of 

scattered light was directly proportional to the degree of 
precipitation. Although this assumption is commonly made in analytical 
nephelometric determinations, it was recognized that scattered light



165

Figure 29 shows the results of a light scattering experiment in 
which an HA solution was titrated with Cd (NDg) g at pH 7.00. It is seen 
that the scattering intensity rapidly increased between approximately
1.0 mL arid 1.7 mL 1.00 x 10“^ M Cd^+ added, with an inflection point at 

about 1.2 mL. For comparison, increments of 0.100 M Cd^+ were added to 
similar HA solutions which were then centrifuged at 15 k rpm. The 
results of T=OuC. and metal ion analyses of the supernantant solutions 

and precipitates are shown in Table 42 and Figure 30. The results are 

seen to correlate closely to the light scattering experimental results. 

Figure 30 also appears to indicate that only slightly more than 80% by 

weight of the HA can be precipitated by addition of Cd^+ ion and that 
at the precipitation maximum the precipitated HA is saturates with 

Cd^+. The HA precipitate appeared to saturate at about 2.0 mL 0.100 M 
Cd^+ added and the data indicated that at that point the HA precipitate 
contains 1.17 x 10“? moles Cd^+Zg HA #8-1 or 2.34 meg Cd^+Zg HA #8-1. 

This value represents only 60.0% of the previously determined carboxyl 

acidity and only 31.8% of the total acidity of the HA, which implies 

that not all of the acidic functional sites are available for Cd^+ 
binding, or the HA is not completely saturated under the conditions of

intensity is a complex function of wavelength, particle size, and

scattering angle (163), and scattering results were therefore initially

verified against an independent procedure.
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Table 42. Centrifuge precipitation of 50.00 mL samples of 20.57 mg/L HA #8-1 (in 0.100
M KNO^) by addition of 0.100 M Cd2+ at pH 7.00. P3B4.

exper
iment

mL moles Cd^+ 
in

supernatant3

moles Cd^+ 

precipitate^

g HA $8-1 

supernatant0

g HA #8-1
in

precipitate0

moles Cd7* 
g HA #8-1 

in
precipitate

moles Cd2* 
mole HA *8-1 

in
precipitate6

i 0.050 5.07 x IO-6 - 1.03 x IC"3 0.0 - -

2 0.100 9.54 x 10"6 2.34 x IO"7 8.75 x 10"4 1.53 x IO"4 1.54 x IO"3 10.41

3 0.125 1.31 x IO"5 4.61 X IO"7 6.45 x IO"4 3.83 x 10"4 1.21 x IO"3 8.18

4 0.150 1.52 x IO"5 6.87 x IO"7 3.36 x 10"4 6.92 x IO"4 9.92 x 10"4 6.70

5 0.175 1.80 x IO'5 9.05 x 10"7 2.36 x IO"4 7.92 x 10"4 1.14 x 10"3 7.70

6 0.200 2.07 x IO"5 9.68 x IO"7 2.00 x 10"7 8.28 x 10"4 1.17 x IO"3 7.91

7 0.250 2.56 x IO"5 9.64 x IO"7 1.92 x IO"4 8.36 x IO"4 1.15 x IO"3 7.77

aDetennined by flame AA anlysis of acidified sample 

^Determined by flame AA after digestion in cone. HNO3 at 95eC

^Determined from T.O.C. analysis. Normalized ty assuning 100% HA recovery for Experiment I 

dBy difference

eUsing HA molecular weight of 6758.
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the experiment, or the fraction of HA remaining in solution contains a 
large proportion of the complexed C d ^ e

At point 6 (2.0 mL 0.100 M Cd2+ added) of Table 42, the 
precipitate contains m = 7.91 moles Cd2+Zmole HA, assuming the 

previously determined HA #8-1 molecular weight of 6758. Solutions 
containing a comparably high total Cd2+ concentration were not studied 
using a Cd2+ ion-selective electrode, however, point 2 of Table 42 
(0.100 mL 0.100 M Cd2+ added) does approximately correspond to point 23 
of Table 12 and Table 14 (10.009 mL 1.00 x 10”^ M Cd2+ added) of the 
ion-selective electrode experiments. Table 14 indicates that at this 

point mg758 f°r all the HA present in the system is 8.73 moles 
Cd2+Zmole HA #8-1. The comparable value from the data of Table 42 (at 
point 2) is 10.41 moles Cd2+Zmole HA #8-1 in the precipitated HA, 

however, this value may contain significant positive error due to 

contamination of the small quantity of precipitate by the supernatant 
solution.

Even so, since point 23 of Tables 12 and 14, point 2 of Table 42, 
and 1.0 mL 1.00 x 10“2 M Cd2+ added of Figure 29 are nearly equivalent 
solutions for three different types of experiments, they provide an 

important point of comparison for the experiments. In particular, this 

point is an identifiable point of Figure 29 in that it clearly shows 
increased scattered light intensity relative to the initial value and
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corresponds to a 32% transition from initial to maximum values.
If an analogous point in light scattering titrations involving 

other metal ions can be similarly identified, then the total metal ion 

concentration necessary to reach that point may provide information

about the relative magnitudes of the metal-humate formation constant,
, -

as suggested by the following derivation.
Neglecting changes and} prpton displacement, the formation of a 

metal-humate complex can be represented by
(141) HA + pM M HA P
with the associated conditional stability constant

[M HA]
(142) 6* = p ■—

P [M]P [HA]
= n k *n=l n

If stepwise formation constants are separated by a factor 210d, then

(143) [MJt = P [MpHA] + [M]
However, if a large fraction of the metal ion remains uncomplexed, as 
would be expected for higher p values, then
(144) [Ml [M]
and Equation 142 may be rewritten

(145) 8P
[M HA] 
[M]P [HA]

IL K* n=l n

If [MpHA]/[HA] is assumed to be the same for all solutions having equal 
scattering intensities and pH's, irrespective of the metal ion
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involved, then

a46) f c - ’t W2Y 1W p
where the numerical subscripts refer to the identity of the metal ion.

Kip

Furthermore, since 

(147) fi*p - KilKi2Ki3. . 

where refers to the second stepwise formation constant of metal, 
it can be shown that if stepwise formation constants for different 
metals increase by the same ratio, i.e.,

(148) SfL
H i

S i
kSi S i

K12
Si
^2

etc.

it follows that 

(149) <Kii/K2i,p *

(150) S i
K21

[M23T
[m i ]t

which is to say that the ratio of first stepwise formation constants of 

two different metal-humate complexes is in the inverse ratio of the 
total metal ion concentration necessary to induce the same degree of 

light scattering.
Light scattering experiments were done using Pb^+, Cu^+, Ba^+,
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Ca^+, Mg^+, Zn^+, Ni^+, and Sr^+ in addition to the Cd^+ already 
discussed. With the exception of Ni2+ all of the metal ions gave light 

scattering titration curves similar in shape to that of Cd2+, The 
anomalous Ni2+ titration is shown in Figure 31, in which it is seen 

that the curve shows a gradually rising scattered light intensity 
rather than the relatively sharp change seen for other metal ions.

The results of the light scattering experiments are shown in Table 
43.

The results listed in the table indicate that the order of 

abilities of metals to precipitate coal HA was
PbXZu>Cd>Zn>Ni>Ba>Ca>Sr>Mg. This order shows qualitative agreement 
with the order of stability constants of various ligands having oxygen 
containing functional groups (164-169), however, the relative 
magnitudes of formation constants for metal-salicylates and metal- 

phthalates differ significantly from those predicted by Equation 150 

(164). This suggests that one or more of the assumptions involved in 

the derivation of Equations 150 were not valid, the most tenuous being 

that expressed by Equation 148. Precipitation may also have been 

affected by hydrolysis of the metal ions.
In addition to the metal titrations, a sample of HA #8-1 was 

acidified and then titrated with 1.00 x IO"2 M KOH. A plot of relative
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4.0 6.0 8.0
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Figure 31. Light scattering relative intensity vs mL 1.00 x IO-2M Ni2+ for titration 
of 50 mL 20.24 mg/L HA #8-1 in 0.100 M KNO3. pH 7.00. P233B3.
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Table 43. Metal ion concentration necessary for 32.3% light scattering 
transition for divalent metal ion titrations of 20.6 mg/L coal humic 
acid HA #8-1 (in 0.100 M KNO3) at pH 7.00.

Metal ion EM2+Im
(M)

Relative

Cd2+ 1.96x10-4 1.00
Pb2+ 2.75x10-5 .141
Cu2+ 3.19xl0-5 .163
Ni2+ 7.44x10-4 3.81

Zn2+ 4.66xl0-4 2.38

Ba2+ 2.28x10-3 11.7

Sr2+ 3.51xl0-3 17.9

Ca2+ 2.74x10-3 14.0

Mg2+ 6.70x10-3 34.3
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scattered light intensity vs pH for this titration is shown in Figure 
32. It is seen that, even in the absence of metal ion, precipitation 
occurs at any pH below 6.00 with maximum precipitation occurring below 

-pH 4.4.
The fact that many metal ions were able to precipitate humic acid 

suggested that mixed metal complexes would also be insoluble. In order 
to investigate this and to determine if metal ion exchange would occur 

during precipitation by two metals, the following system was 
investigated.

Cadmium was mixed with humic acid at a concentration that would 

induce partial complexation. Magnesium was then added and the 
resultant precipitate was digested and analyzed for cadmium. The . 
results are shown in Table 44 (first five entries). The results 
indicated that 4-8% of the total cadmium was precipitated. The other 
entries of Table 44 contained sufficient cadmium to cause partial 
precipitation of humic acid. In these cases, the amount of cadmium 
increased with an increase in total cadmium? however, the percentage 

precipitated remained relatively constant at about 3%. The last three 

entries of the table indicated that Ca, Sr and Ba were comparable in 

the precipitation of cadmium-humate complexes.
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4.0 -I

Figure 32. Light scattering relative intensity vs pH for acid to base 
titration. 20.56 mg/L HA #8-1 in 0.100 M KNO3. Titrant 1.00 x 10™2 M 
KOH. P211B3.
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Table 44. Cadmium-humate precipitation by alkaline earth metal ions. 
pH = 7.00 (170).

IriL

Metal Metal cone. 
(M)

Total 
Vol.

Total
Cd

(moles)
Total
Cd
(M)

Cd ppt. 
(moles)

Mg^+ 5.4X10”2 25.1 1.3x10-7 5.3x10-6 1.0x10-8
MgZ+ 5.4xl0™2 25.1 2.2x10-7 8.9x10-6 1.8x10-8
Mg2+ 5.4xl0™2 25.1 9.0x10-7 3.6x10-5 3.2x10-8

Mg2+ 5.4xl0~2 25.3 1.8x10-6 7.1x10-5 1.3x10-7

Mg2 5.4xl0™2 25.4 2.7X10-6 1.06x10-4 l.OxlO”7
Mg2+ 5.4xl0”2 25.5 3.6x10-6 1.41x10-4 1.3x10-7

Mg2+ 5.4xl0**2 25.6 5.3x10-6 2.07x10-4
V  'r

,,2.1x10-7

Mg2+ 5.4xl0™2 25.8 7.1x10-6 2.75x10-4 2.4x10-7

Mg2+ 5.4xl0*"2 26.0 9.0x10-6 3.46x10-4 2.6x10-7

Mg2+ 1.2xl0-2 57.0 1.4x10-5 2.5x10-4 2=5x10-7

Ca2+ 5.6x10-3 53.0 1.4x10-5 2.6x10-4 3.8x10-7

Sr2+ S.GxlO"2 53.0 1.4x10-5 2.6x10-4 4.3x10-7

Ba2+ 4.8x10-3 52.5 1.4x10-5 2.7x10-4 4.0x10-7



SUMMARY
Extraction and Characterization

Humic acids were extracted from a subbituminous coal in the 
presence and absence of oxygen at neutral and basic pH. Yields were 
determined and found to be qualitatively correlated to concentration of 
oxygen, basicity, and time of extraction.

Low ash samples of selected coal and commercially available humic 

acids were prepared using cation exchange or dialysis procedures.
Elemental compositions, carboxylic and phenolic functional group 

analyses and E^/Eg ratios for the coal humic acids and commercial 
humic acids were determined and found to be in the range of published 

values for humic acids extracted from soils. Ihe oxygen content of the 
coal humic acids was observed to be increased relative to the parent 

coal. It was concluded that the analytical results for the coal humic 
acids were consistent with an aromatic, condensed, or highly 
substituted structure, containing a relatively large number of oxygen 

containing functional groups.
Metal Complexation

The Cd^+ binding properties of a coal humic acid and other humic 

materials were studied by the use of a Cd^+ ion-selective electrode.
The cadmium ion-selective electrode was calibrated over a concentration 

range which partly coincided with the anticipated experimental Cd^+
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concentration range. It was concluded that electrode response could be 
linearly extrapolated so that data at low ECd^+] (<10""%) and low humic 
substance concentration (~20 mg/L) could be taken under conditions 
involving probable formation of 1:1 complexes.

Analyses of data using variations on Hughes-Klotz and Scatchard 

plots were compared and effective complexometric molecular weights and 
conditional stability constants were calculated at several pH values. 
Because low ICd^+] data points were taken at concentrations near the 
expected limits of response of the ion-selective electrode, the two 
types of plots were initially evaluated for their usefulness in 
detecting invalid data points. It was concluded that Scatchard plots 

were more useful for detecting stoichiometrically impossible or 
improbable data points; however, the Hughes-Klotz plots were more 

readily adapted to a procedure which was developed to permit 
calculation of an optimized molecular weight from data at several pH's. 
The optimized Hughes-Klotz effective molecular weight of the coal humic 

acid was 6758. The average molecular weight of the Scatchard 
calculations and the optimized Hughes-Klotz molecular weights were 
found to be in close (2%) agreement.

Conditional formation constants for 1:1 metal-hamate complexes at 

several pH’s were calculated using Hughes-Klotz and Scatchard plots. 
Results for both types agreed to within ±0.01 log units.
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Computer program MINIQUAD75 (136,137) was used to calculate 
conditional stability constants for metal-coal humate ratios up to 9:1. 
Successive stepwise conditional formation constants were generally 
found to decrease as complexation progressed, indicating non- 
cooperativity in the formation of higher stoichiometry complexes.

Computer programs MINIQUAD75 (136,137) and COMICS (138) were used 

to calculate free metal concentration from the total concentration of 

metal ion and humic material and the molecular weight and stability 
constants previously determined. Excellent correlation (99.95%) 

between experimental and calculated free metal concentration was found 

and it was concluded that the theoretical model adequately described 

the metal-humate system-
Four other humic materials, two commercially available humic 

acids, a poorly characterized fulvic acid, and a well characterized 
commercialy available fulvic acid were also investigated. Their 
effective molecular weights and first conditional stability constants 
at pH 6.00 were calculated using the previously developed procedures. 
Except for the molecular weight of the commercially available fulvic 

acid, the molecular weights and stability constant corresponded to 
anticipated values. % e  cpmplexometric molecular weight of the 

commercially available fulvic acid was several times larger than the 

value found fcy vapor pressure osmometry. The MnL sequence of
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complexes, which adequately explained the coal humate complexation, may 
not correctly describe metal complexes of some fulvic acids.
Proton Interactions

Evaluation of acid-base titration data of coal humic acids 

suggested the presence of two types of carboxylic substituents with 
pKa's of approximately 2.8 and 5.5. Results of total acidity and 
carboxylic acidity analyses indicated the presence of phenolic 
functional groups,

which were not apparent in the acid-base titrations. The pKa of the 

phenolic functional group was not determined.

The logarithm of first conditional stability constants, log g of 
cadmium-coal humates was found to vary linearly with pH and analysis of 

log vs pH data indicated the displacement of 0.70 protons during 

complex formation. The magnitude of log for cadmium-coal humates 
indicated that it was possible that a tridentate (or higher) complex 

was formed. The complex appeared to involve not more than one phenolic. 

functional group.
Precipitation Studies

Precipitation of divalent cation humates at pH 7.00 was monitored 
by 90° light scattering. The ability of the cations to precipitate 
coal humic acid (coal HA) was found to be in the order 
Pb>€u>Cd>Zn>Ni>Ba>Ca>Sr>Mg. The order agreed qualitatively with the
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ordering of stability constants of the metals with various ligands 
having oxygen containing functional groups* Differences in 
precipitating abilities of the metals were not as pronounced as 
differences in stability constants for model ligands.

Precipitation monitored by light scattering was verified by 

comparison with centrifugation precipitation.
Centrifugation experiments indicated that about 84% of the coal HA 

could be precipitated by cadmium ion at pH 7.00. Centrifuged cadmium 
humate precipitate was found to contain about I mmole of cadmium per 
gram of precipitated HA, which corresponded to ~8 moles of cadmium per 
mole of HA, assuming an HA molecular weight of 6758.

In the absence of metal ion the coal HA was found to begin 
precipitating at pH 6 with maximum precipitation occurring below pH 
4.4.

Mixed metal experiments were done in which it was found that 
soluble cadmium humate could be precipitated by addition of alkaline 

earth metal ions. It was observed that precipitation by alkaline 
earths did not completely displace cadmium from the precipitate, with 
about 3% of the total cadmium remaining in the precipitate.
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